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ABSTRACT 
This thesis is concerned with comparing and contrasting different cleaning 
techniques of 3-D artefacts. Conventional cleaning techniques such as chemical, 
steam and mechanical have been applied on several objects at the Inorganics and 
Sculpture Conservation Division in the National Museums and Galleries on 
Merseyside in Liverpool. A Q-switched Nd:YAG laser system has also been 
developed for practical use in conservation and cleaning tests carries out on a 
variety of samples. The results have been recorded and compared with those 
obtained using conventional techniques. It was found that short laser pulses (- 10 
ns) at I 064 nm were the most adequate for the removal of black dirt layers from 
marble and limestone. The surface of the stone was not physically or chemically 
modified and the cleaning process was self-limiting, thus allowing the controlled 
removal of the aesthetically displeasing and structurally damaging crusts. 
Photographic evidence before and after treatment is also presented. Application of 
water before irradiation was found to improve the efficiency of dirt removal and a· 
model concerning the involved physical mechanisms during laser cleaning has been 
proposed. 
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CHAPTER ONE 
INTRODUCTION 
1.1 Introduction 
Although the age of the universe is roughly estimated to be 18 billion years, the 
Earth and the Sun have an age of only 4.5 billion years [1]. Man is even younger. 
He emerges from the vast geologic history of the Earth in the period known as 
Pleistocene. As there are no historic (i.e. written) records of that era, known as 
prehistory, the ways of keeping prehistoric time are those of geology, 
palaeontology, anatomy and human industry. While geologic events. mark the 
grander divisions of time, the successive phases of human industry mark the least 
divisions [2]. These early days of human history have been named The Stone Age 
because the artefacts and tools that were created and manufactured are almost 
exclusively of stone [3]. How early were these days? A flint hand-axe, extracted 
from the river gravels of the Somme is -as a tool- maybe half a million years old [3]. 
Man lived in caves, used stone weapons and tools and carved statues and vessels of 
stone. He warmed himself with fire that is believed to have emerged from the 
fiiction of flints. And although he may as well have used other materials, such as 
wood or bone, the tools employed for this task were made of stone. 
As he evolved through time, stone never ceased to be used in favour of other newly 
discovered materials: houses, temples, tombs, walls, statues, monuments were 
manufactured of stone, and still are. When man built, and builds, for permanence 
and impact, stone is the chosen material. 
Much of the history of the world's civilisation is recorded on stone. Often, it is 
almost the only remaining evidence of a past occupation. The monuments include 
the great four-mile long grey granite menhir avenues of Camac, the volcanic tuff 
and scoria colossi of Easter Island, the sandstone trilithons of Stonehenge, the 
limestone pyramids of Egypt, the alabaster and limestone reliefs in Assyria, the 
marble and limestone architecture of Greece and Rome, as well as the masonry of 
Cuzco, the capital city of Peru, where the stones are fitted with such accuracy that 
it is said a knife blade cannot be thrust between them [ 4]. 
The repair, maintenance and preservation of this heritage of stone is an enormous 
responsibility and a sometimes costly business. 
1.2 Formation and Classification of Stone 
Rocks are the solid parts of the Earth's crust, and they are called stone if detached 
from the crust and fabricated. All rocks are aggregates of minerals, that is, natural 
inorganic substances with symmetrical crystal forms which reflect internal atomic 
structures and have defined chemical compositions. About 25 out of more than 
2500 identified minerals, either singly or in association make up the physical bulk of 
most rocks for building. The criteria considered for a potential use of stone in any 
particular situation are its durability, its economic availability and easy quarrying 
and its beauty [ 4]. 
Geology is the science which describes not only the scenery of any region, but also 
its architecture. Geologically, rocks are classified into 3 major groups based on their 
origin [5]. These groups are igneous, sedimentary and metamorphic. 
Igneous or magmatic rocks are primarily crystallised from the cooling of fluid 
silicate melt either deep below the earth's surface or at the surface, and are 
essentially assemblages of silicates. No matter where they are found, igneous rocks 
have characteristics directly arising from the cooling and consolidation of magma. 
Texture and fabric of these rocks depend upon their environment during 
crystallisation.( Rock texture is the geometrical aspect of the component particles 
including size, shape, and arrangement, characterising the grain sizes, shapes and 
contact. The rock fabric is the spatial orientation of mineral or gross rock 
components, whether crystals or fragments) [4,5]. 
Igneous rocks are in turn classified in 3 categories depending upon their texture. 
These categories are : 
Volcanic (glossy or very fine-grained), 
Intrusive (fine or medium grained) and 
Plutonic (medium or coarse grained), their chemical composition ranging from acid 
to ultra basic. 
Some rocks of this category are granite, gabbro, diorite and basalt. 
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Sedimentary or layered rocks are fonned either by the accumulation of rock and 
soil material by streams, waves or wind, or as organic accumulations and chemical 
precipitates. The material of the sediments originated from igneous rocks. A flat, 
layered structure is characteristic of sedimentary deposits and is known as 
stratification or bedding. The physical properties of sedimentary rocks depend upon 
the mineral composition, the texture, fabric, structure and the cement between the 
fragments. 
These rocks are classified as [5]: 
a) Clastic sediments, coarse to fine grained: residual rock fragments produced 
through rock disintegration, resulting in various sizes and shapes. 
b) Clastic sediments, fine to sub microscopic: residual silt and clay size particles 
from the weathering end product of mostly feldspars and some quartz. 
c) Organic sediments: the remains or products of animals and plants. Many 
limestones, limestone-marbles and dolomites belong to this group. 
d) Chemical precipitates: precipitation from ocean waters and brines leads to some 
limestones, dolomites, gypsum and rock salts. 
Others [ 4] classifY the sedimentary rocks by using grain size and the nature of 
constituent grains of a sediment: 
i) Rudaceous (rubbly rocks mainly composed of large fragments of older rocks): 
breccia, conglomerate 
ii) Arenaceous (sandy rocks): sandstone, gritstone, quartzite 
iii) Argillaceous (clayey rocks very fine-grained and structureless ): clay, mud stone 
iv) Calcareous (carbonate rocks mainly of calcium and magnesium carbonate-some 
calcareous rocks are chemically precipitated): limestone, oolitic limestone, 
magnesian limestone 
v) Organic (bedded rocks fonned of plant and animal matter): coal, lignite, some 
limestones 
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vi) Evaporites (chemically precipitated from evaporating waters): gypsum, 
alabaster, anhydrite, rock salt 
vii) Chemical precipitates (consisting mainly of .802 with greater or lesser amounts 
of impurities): flint, jasper, some limestones 
Limestone is principally composed of calcium carbonate. Clay impurities should be 
less than 5 %. The limestones can vary largely in composition. For example, 
magnesian limestones contain 5 - 40 % magnesium carbonate MgC03, whereas 
shell limestones contain numerous fossil sea-shells of various size and shapes. 
Dolomitic limestones are carbonate rocks which contain calcium carbonate CaC03 
but more than 40% magnesium carbonate MgC03 [5]. Their texture may be fine 
grained (grains almost invisible to the eye), fragmentary (when composed of broken 
skeletal parts of plants and animals), crystalline (presenting coarse crystals and 
resembling marble except for the presence of fossil shells and warm iron colours) 
and oolitic (whose grains are roe shaped and sized). 
Sandstone (which is also a sedimentary rock), is composed of sand grains, mostly 
quartz, some feldspar, but also calcite, with a variety of grain shapes and cements. 
Metamorphic rocks: Any rock within the earth's crust may be altered and modified 
by natural heat or intense pressure or both. The mineral matter of the rocks may be 
reformed to produce larger crystals of the original material or it may be 
recrystallized to form new stable minerals in the new environment through 
molecular migration from one layer to another and beyond, which may take place 
during more prolonged exposure metamorphic processing. The rocks remain 
essentially solid during these processes and may retain some of their original 
characteristics. The degree of metamorphic intensity influences the size of the 
individual mineral grains leading to fine or coarse-grained rocks (low and high 
metamorphic processes respectively). The form of metamorphic rocks depends on 
the form of the original rocks from which they have derived. Any pre-existing rock 
may be metamorphic. Characteristically, all metamorphic rocks have a foliated 
structure which is visible microscopically; foliation is the splitting of the rock into 
thin sheets by the presence of tabular or prismatic materials. The degree of 
metamorphism to which a rock has subjected is expressed by its grade [5, 4]. 
Metamorphic rocks may be classified as follows [4]: 
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a) Sedimentary origin 
i) pelitic rocks, from argillaceous or muddy sediments: slate, schist, gneiss 
ii) calcareous rocks, from arenaceous sandy sediments: quartz schist, quartzite 
iii) calcareous rocks, from calcareous or sandy sediments: marble 
b) Igneous origin 
i) basic rocks ( dolomites, basalts) } schists and gneisses 
ii) acid rocks (granites) } schists and gneisses 
Others [5] classifY them according to the grade of metamorphism. 
Minerals found within metamorphic rocks may originate from: 
a) Igneous and sedimentary rocks (feldspars, quartz, micas, calcite and 
dolomite) 
b) Newly formed minerals resulting from the process of metamorphism (mica, 
sericite, chlorite, garnet) 
c) Pigment minerals: hematite, magnetite, graphite. These give the stone its 
colour, which is its more striking visual characteristic and is influenced by the 
predominant mineral itself, the adjacent minerals and the grain size. 
Marble is a metamorphic crystalline rock composed of interlocking grains of fine or 
coarse calcite or dolomite. Its colours may vary and are characterised as 'cold' 
compared to the soft, warm tones of limestone. The carriers of the pigments are 
very fine flakes of coloured mica, graphite and other minerals. Its grain size varies 
from fine to coarse [5]. 
1.3 Weathering And Decay Of Masonry 
When stone is exposed to the weather, changes inevitably occur [7]. They start as 
soon as an artefact or structure has been completed (or even before) and continue 
progressively for as long as the object is in contact with any kind of environment [8] 
thus obeying the Second Law of Thermodynamics. The deterioration of stone and 
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efforts undertaken to intervene with the decay process were already mentioned by 
ancient Greek and Roman writers. These changes may just be establishing the 
passage of time and be aesthetically pleasing (patina, historical evidence) and of no 
physical consequence, or they may be aesthetically distressing and structurally 
hazardous, their rate varying from very low to very rapid. All such changes are 
referred to as weathering. When significant loss of substance and/or form 
(disfigurement or disruption of the stone) occurs, the change is referred to as decay 
[7]. The process of weathering itself is merely the adjustment, or readjustment of 
minerals and rocks to conditions prevailing at the Earth's surface by converting the 
existing original minerals to minerals of higher stability in the existing environment 
[5]. 
Pressures and temperatures at the Earth's surface are much different than the ones 
under which the rocks were formed, the presence of oxygen leads to oxidation and 
moisture leads to hydration or solution etc. Following the direction from the 
original mineral towards the more stable weathering product feldspars and 
ferromagnesian silicates hydrate to clays, while carbonate and sulphate minerals 
dissolve. The readjustment may also involve volumetric expansion of the crystal 
lattices, while the pollution creates (induces) special problems to exposed stone 
surfaces and may considerably accelerate their weathering rate. Both physical and 
chemical processes are involved in the weathering of stone. The degree of 
destruction depends on the climate and local environment and their fluctuations, as 
well as on the intrinsic properties of stone (mineralogy, texture and structure) and 
the design and construction of the building or artefact [5]. One of the most 
important physical characteristics of the stone is its porosity. The porosity may be 
thought of as the percentage of the pore space in the total volume, that is, the space 
not occupied by solid matter. It may be that not all pores are connected with one 
another or with the surface. The effective porosity is the pore space connecting 
directly or indirectly with the surface [ 6]. The micro porosity gives a broad 
indication of whether the pores are mainly coarse or fine. A high micro porosity 
indicates a high proportion of fine pores and is normally associated with low 
durability, whereas a low micro porosity indicates a high proportion of coarse pores 
and is normally associated with high durability. 
Monument decay and stone deterioration include altering of appearance, strength 
coherence, dimensions or chemical behaviour, and more specifically [8]: 
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I) Chemical attack, i.e. etching, erosion, and dissolution of alkaline stones by acidic 
substances, both natural (atmospheric C02, volcanic gases, rain water) and man 
made (combustion products, industrial emissions). 
2) Mechanical disruption caused by expansive forces generated in pores, channels 
and cracks by the freezing of absorbed water, the growth of crystals, or the 
corrosion of embedded metals (iron) or minerals (pyrites). 
3) Disfigurement due to migration into stone of coloured matter from adjacent 
materials (e.g., rust and copper staining), or alteration of the original colour or 
texture by selective leaching from the stone of one of its components, or by the 
etching and roughening of the polished surface. 
4) Abrasion, attrition and stress-cracking due to wind-driven particulates, seismic 
shocks, vibrations induced by vehicular traffic, accidents, human contacts etc. 
5) Disfigurement as well as chemical and mechanical disruption resulting from the 
biological activities of micro-organisms, fungi, algae, mosses and higher organisms. 
6) Exfoliation and disintegration resulting from inappropriate design and 
construction, such as the placing of sedimentary stone with its bedding planes 
parallel to the direction of large stresses or a use of a very strong mortar (e.g., 
Portland cement between softer stones or bricks). 
7) Mechanical and chemical damages, arising from ill-advised efforts of repair and 
restoration with substances of a short lifetime, or incompatible with stone. 
8) Disfigurement due to adventitious surface deposits of soot, dirt, grease, paints, 
etc. 
A distinction should be made between deterioration of the stone caused by soiling 
and erosion. The former refers to deposition of matter and disturbance of the 
aesthetic qualities of the object, while the latter to loss of surface and/or form 
(usually irreversible). Also, if staining is defined· as the discoloration produced by 
the re precipitation of dissolved material from the interior, patina may be regarded 
as the part of the outer stone surface which has been cemented by the re 
precipitation of minerals drawn from the stone interior, and may incorporate both 
minerals and soiling [9], leading to a zone of softer rock beneath it depleted by the 
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loss of minerals to the surface. The development of the patina is a natural feature 
when seen in areas free from pollutants, suggesting the passage of time and the 
'history' of the. object. It is, however, the first stage of soiling and decay if 
favourable conditions occur. 
Deterioration caused by soiling 
Dirt can be defined as material which is in the wrong place [I 0]. It can be classified 
into 2 categories: 
• Foreign matter, which is not part of the original object (soot, grease, stains, 
dust etc.) 
• Products of alteration ofthe original material of the object (calcium sulphate 
on decayed stone etc.) 
This classification actually distinguishes between physical mixtures and chemical 
compounds respectively. However, these two categories are interrelated as 
accumulation of matter can give rise to and be enhanced by products of alteration. 
The deposits more frequently found on stone consist of[S]: 
i) Mineral particles, e.g. soil, clay, sand, dust 
ii) Industrial and household waste products, e.g. ash, combustion products, tar, 
carbon, mineral binding agents 
iii) Animal and vegetal matter, e.g. pollen, algae, insects, bacteria 
iv) Inorganic precipitates, perhaps produced in situ, e.g. gypsum 
Dust, in particular, is an amazing mixture of air-borne fragments of human skin, 
textile fibres, carbon particles (soot) and grease from unbumt hydrocarbon fuels and 
cooking [10]. Often, salts are found in dust, as well as sharp gritty silica crystals 
and countless micro-organisms, and in the presence of hygroscopic constituents salt 
corrosiveness and mould growth are enhanced. In addition, air-borne particulates 
may act as catalysts of reactions due to their high specific surface. 
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Deposition Mechanisms 
Aerosols are defined as the dispersed state of matter in a gaseous medium and they 
comprise sizes that range from molecules to raindrops [5]. The behaviour of an 
atmospheric aerosol is determined mainly by the aerodynamic size of its particles. 
There are two general deposition mechanisms of matter on a stone surface, the dry 
and the wet deposition mechanisms [8]. 
i) Dry Deposition Mechanism 
The dry deposition phenomenon consists of the accumulation on a stone surface of 
air-borne pollutants from the atmosphere, transported winds and turbulence. The 
mechanism of transport mainly depends on the particle size. For sub micron 
particles, i.e. less than 0.1 J..lm, that approach the surface, the most important 
motion is molecular diffusion (Brownian motion in the case of particles) and they 
can therefore settle on stone surfaces regardless of their inclination and the 
atmospheric conditions. Particles larger than 20 J.lm are deposited by gravitational 
settling when the air is not in motion, or by inertia impact when it is. Their capture 
efficiency depends on their shape and the surface structure. For particles sizes 
between 0.5-10 J.lm, the turbulent deposition coefficient prevails the brownian one. 
The characteristics of the porosity and roughness of the stone surface play an 
important role in the efficiency of particle deposition, as roughness not only 
modifies the local turbulence and increases the exchange between the air and the 
surface, but also influences the particle retainment on the surface. Lastly, the 
motion of the air-borne particles is also influenced by the evaporation or 
condensation of water vapour. 
ii) Wet Deposition Mechanism 
Wet deposition comprises the incorporation of trace substances in cloud droplets 
and removal by falling precipitation (rainout 'and washout respectively). The 
efficiency of the rainout and washout depend on the intensity of precipitation, the 
drop size spectrum, the pH value and the temperature of the drops, as well as on 
the distribution of trace substances in the atmosphere [11]. It also depends on the 
texture of the surface and the facade geometry. Chemical conversion processes 
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within the atmosphere play an important role in precipitation chemistry and in wet 
deposition. 
Although the surface deposition of air pollutants is generally attributed to chemical 
deposition by precipitation, it has been shown that in polluted areas dry deposition 
may be of major importance, because the former is a slower but more continuous 
process than the latter. Incident precipitation may wash off pre deposited material 
by dry processes but in highly polluted areas it may as well promote deposition of 
soluble gases and small particles in moist areas. Thus, the dominant pathway is a 
function of various parameters. 
1.3.1 Adhesion of Dirt to Surfaces 
The adhesion of solid, liquid or gaseous particles to a solid substrate depends on the 
nature of the secondary bonds between molecules. In dry surroundings, the main 
forces of adhesion are electrostatic, hydrogen bonds and Van der Waals forces. In a 
humid environment, forces related to capillarity and surface tension appear [12, 13]. 
a) Electrostatic action is generated by electric charges which form between different 
materials in the contact interface. Aerosols may already be electrically charged 
before joining the surface of the stone (by ionising radiation, impact with other 
particles etc.), or may only be charged at the moment of contact [14]. 
b) Hydrogen bonds: When a hydrogen atom is bonded to an electronegative atom it 
becomes slightly negative and it forms a hydrogen bond with another electrically 
negative atom by electrostatic attraction. The energy of a hydrogen bond is 2-8 
kcallmol [ 15]. 
c) Van der Waals forces are generated by dipole interaction between two 
molecules. The permanent or instantaneous dipole moment of an given molecule 
can produce a new dipole on another molecule and thus create a force of attraction 
between the two. Although they are the weakest type of secondary bonds, they are 
very important [10] because they act between all atoms at all times resulting in the 
sticking-together of molecules even if there is no permanent charge separation in 
the molecules themselves (e.g. paraffin wax is held together by Van der Waals 
forces). The energy of these bonds is 1-2 kcal/mol [14]. 
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d) Capillarity may be expressed as the capacity of a liquid to move in the opposite 
direction of the force of gravity [ 16]. This happens when there is an equilibrium 
between the cohesive forces between liquid molecules, and the adhesive forces 
between the liquid and the walls of the capillary [17, 18]. The amount of capillary 
rise depends on the contact angle, the surface tension and density of the liquid and 
the diameter of the capillary. 
As has been mentioned before, there is a relationship between soiling and stone 
decay. The dark deposits and black scabs are always connected with extensive 
deterioration phenomena of stones and marbles of calcareous nature [19]. 
1.3.2 Deterioration Caused by Decay [7] 
There are three main causes of deterioration involving loss of substance. These are : 
• Salt crystallisation 
• Attack by acidic gases in the air 
• Frost action 
1.3.2.1 Salt Crystallisation 
This is the most important cause because it is potentially the most damaging. It 
attacks porous materials irrespective of their chemical composition and often 
enhances and is enhanced by other causes of deterioration. A mixture or solution of 
salts in water is transferred by some means to the pores or fissures of the stone. 
Under drying conditions, water evaporates and the salts are deposited on the 
surface of the stone and/or within its pores. When a salty growth appears on the 
surface it is called efflorescence, and when it occurs within the pores it is called 
cryptoflorescence. These two forms may well appear together. 
Although effiorescence is not pleasing to the eye, it is, in itself, harmless, whereas 
cryptoflorescence is very damaging, due to the pressure that it exerts on the walls 
of the pores or fissures of the stone. The magnitude of that pressure will depend 
both on the kind of salt and on the size and arrangement of the pores (low porosity 
and large diameter pores are in general more resistant to salt attack). Although the 
whole process is not entirely understood, it is believed that when the pressure 
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exceeds the internal strength of the stonework, some damage on a microscopic 
scale will occur. This may just cause a slight loss of strength, but after several 
wetting and drying cycles that lead to re dissolving and recrystallizing of the salts, 
the damage will be visible as powdered material. Occasionally, fragmentation along 
planes of weakness may be observed, but powder formation is the diagnostic 
characteristic of crystallisation damage. Liquid water is not always necessary to 
dissolve the salts. Water vapour in the atmosphere is an alternative source, 
particularly when the relative humidity of the air is high enough. Crystallisation can 
also occur through changes of temperature if the salt crystals are in contact with a 
saturated solution of that salt. Stone damaging salts may come from the sea, the 
soil, washing powders, domestic cleaning aids etc. 
1.3.2.2 Decay by Acidic Gases in the Air 
The atmosphere's composition by volume is: 78 % nitrogen, 21 % oxygen and 1 % 
carbon dioxide (C02), argon and other gases. It also contains impurities such as 
Hp, S02, N02, Cl2 etc. [5] 
The chemical attack of stone is due largely to the solvent action of water and its 
dissolved impurities, inflicting acid corrosion. Air pollution in industrialised areas is 
an important cause of decay, by providing sources of carbon particulates, tar 
products and acidic sulphur-based acids [7] that originate from the combustion of 
solid fuels and oils. Nitrogen compounds are also produced from unburned 
hydrocarbons, which along with sulphur-based ones are the most potent for stone 
decay. 
Carbon dioxide: Its concentration in the atmosphere is 0.043 %, but in urban areas 
it reaches 0.27 %, the industrial sources being its major supplier. When C02 
dissolves in water it forms weak carbonic acid H2C03, which has been until recently 
the major cause of calcareous stone damage. It also accelerates the decomposition 
of silicate rocks [5]. Carbon dioxide may influence indirectly stone decay by 
modifYing the climate when it reaches high concentration levels. 
Carbon monoxide: It is produced by incomplete combustion. Although it is not 
corrosive to stone, nor does it oxidise to C02 in nature, it acts as a catalyst in the 
oxidation of S02 to S03• 
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Chloride: Its sources are marine, desert and industrial. If converted to hydrochloric 
acid, it readily dissolves carbonate rocks. 
Nitrates: Nitrates, usually as N02, are uniformly distributed throughout the 
atmosphere. Its concentration is about 2-4 micrograms/ml, but in urban and 
industrialised areas it may reach levels up to 400 micrograms/m3• It derives from 
complete combustion or unbumed hydrocarbons and converts to corrosive nitric 
acid under the influence of strong oxidants. Together with the sulphates, nitrates are 
the most potent constituents produced by fossil fuels combustion [5, 20). 
Sulphates: The combustion of the fossil fuels coal, oil and natural gas releases 
sulphur as S02 in the atmosphere [ 5]. Although some of the sulphates in the air 
originate from ocean spray, desert dust or the soil, natural sources are far less 
important than man-made ones; in industrialised areas the average emission of 
concentrated sulphuric acid per person per year is 0.6 kg. Sulphur dioxide is the 
main aggressor in acid attack [7] converting calcium carbonate CaC03 to hydrated 
calcium sulphate CaS04.2H20, known as gypsum. The stones that suffer mostly 
from this type of damage are marble and limestone. The exact mechanism of 
sulphation is not known, but after [8) the possible routes to this process are: 
i) Dry deposition ofS02, which is a slow but continuous mechanism. When S02 
reaches the stone in gaseous form it is absorbed at a rate that depends on the 
surface nature and the pH. At the presence of a low amount of water (low Relative 
Humidity, RH.) calcium sulphite is formed. 
and then sulphite is oxidised to sulphate by catalysts such as carbon particles and 
metal oxides. 
In a real atmosphere the high amount of moisture does not allow a quantitative dry 
deposition of S02, and consequently this mechanism appears to have a secondary 
importance in the transformation of calcite to gypsum. 
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iil Wet deposition ofSOl following the steps: 
1) Conversion into sulphate in the gas phase from reactions in the troposphere 
[21,22] 
2) Dissolution of airborne sulphate in water droplets 
3) Deposition on the surface by precipitation 
Part of the sulphate in the droplets may be present as sulphuric acid which is very 
aggressive to calcareous stones. The main steps of this process may be illustrated as 
follows: 
iiil Wet deposition of SOl through either 
a) Oxidation of S01 in the atmosphere 
1) Dissolution of S02 in water droplets in cloud or fog (90 % of S02 may 
dissolve in droplets with pH values from 3 to 6) 
2) Aqueous phase oxidation of dissolved S02 through catalysts, particularly iron 
and manganese compounds. The H2S04 formation increases the acidity of the 
droplets to pH<2, thus stopping further dissolution of S02. Basic substances such 
as NH3 increase the pH of the droplets permitting further dissolution of S02, which 
is oxidised by catalysts into sulphuric acid. 
3) Deposition of the acid droplets on the stone and transformation of calcite into 
gypsum [23]. 
The main steps of the process may be summarised as follows: 
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b) Oxidation of S02 on the surface 
This is probably the most important mechanism that leads to the formation of 
sulphated crusts. When there are temperature and humidity gradients near the stone 
surface, condensation takes place. The thin water layer formed on the surface is 
very harmful because of the high pollutant concentration and the long time that the 
solution and its products may remain on the surface. The solution can penetrate 
inside the surface together with impinging particles at a depth that depends on the 
porosity of the stone and the amount of solution available. The transfer of S02 into 
solution is followed by oxidation to H2SO 4 in the presence of carbon particles that 
act as catalysts. In this case, the pH of the solution can not drop below 2 because it 
is continuously neutralised by CaC03 of the stone. The basic nature of the latter 
thus allows the dissolution and oxidation of so2 to continue indefinitely, depending 
on the amount of S02 and H20 available. 
Thus, the acid solutions transform the micro crystalline structure into a soluble salt, 
causing the disaggregation of crystals. 
Through cracks, cleavage and inter crystalline boundary planes the weathering 
solutions start to penetrate within the stone and different decay patterns develop 
according to the stone micro texture (24]. In any case, the weathering front 
advances inside the calcitic stone. The decay travels inward as well, resulting in a 
two-dimensional gypsum growth with respect to the original stone surface. What 
happens next depends on how often the affected area is washed by the rain or 
sprayed with water. 
When the slightly soluble gypsum is steadily removed from the parts of the stone 
that are frequently washed by rain, along with any dirt that has been fixed to 
gypsum, the calcite stone is kept clean but slowly eroded [7]. Lighter clean streaks 
are then produced across the general pattern. These white areas look apparently 
unaltered, but they are covered with a very thin layer of re crystallised calcite. 
Although the stone maintains its original appearance it undergoes thinning. This 
process is known as 'white washing'. As for the parts sheltered from the rain, acid 
droplets will continue to condense on them under foggy conditions. The acid will 
react with any unchanged stone and bind any available particulate pollutant to that 
surface. Thus, these areas become darker and the skin less and less permeable, 
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leading to the formation of thick dark crusts, which in urban districts are often 
black. This situation is known as 'dirt washing' [8]. There is an intermediate 
situation known as 'grey washing'. The areas that are grey washed are covered by a 
thick deposit of dust particles and deterioration products similar to the ones 
observed in black areas. The stone surface though looks apparently unaltered and 
the thickening and hardening of the layer is slower with respect to the black crusts. 
Nevertheless, the consistency of the layer is not sufficient to protect the stone from 
pollutant attack [8]. Since the crusts are seldom continuous and impervious to 
water, they are not a protective layer. On the contrary, they are very harmful. The 
high solubility of calcium sulphate CaSO 4 with respect to calcium carbonate 
CaC03, enables water to penetrate inside the stone. Often, under apparently 
unaffected crust, the stone undergoes crystallisation up to a depth of some mm [8]. 
Secondary dissolution and re crystallisation of gypsum that has already incorporated 
aerosol particles leads to filling of the voids and is repeated several times, enabling 
dirt to penetrate within the stone and redistributing the constituents of the 
weathering crust. In addition, because gypsum has a greater volume than the calcite 
it replaces, it exerts expansive stresses to the walls of cracks and pores that it fills. 
Lastly, the difference of thermal expansion of gypsum and calcite, which is further 
enhanced by the dark colour of the crust, is another reason for the deterioration of 
encrusted stone [22]. 
What happens to the dark skin - and the underlying stone - depends on the latter's 
resistance to weathering [7]. 
Limestone 
More durable limestones appear to retain a dirty, inert skin more or less indefinitely. 
Less durable limestones may gradually develop blisters which often are not visibly 
discernible. More often, they have a clear form and develop until they burst, just 
like miniature volcanoes. The stone immediately behind the skin of the blister 
decays to a powder or a pack of lightly connected flakes. Much of it will fall away 
with time, thus presenting a fresh limestone suiface for further attack. As with 
crystallisation damage, coarse pored limestones prove to be the most resistant. 
In magnesian and dolomitic limestones the mode of attack is slightly different, as 
apart from calcium sulphate CaS04, magnesium sulphate MgS04 is also produced. 
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As with the simple limestones, the stone remains clean in the rain-washed areas, and 
the acid solution is carried to the ground or it is absorbed by the sheltered areas. 
There, it forms a skin of gypsum which incorporates dirt. However, the MgS04 
penetrates further and crystallises behind the skin. Very often, blisters which are 
formed eventually open to disclose a powdered area beneath the skin. Removal of 
the powder reveals a deep cavern caused by crystallisation and re crystallisation of 
MgS04 (cavernous decay). 
Dirt accumulation, blistering and cavernous decay also occur in the absence of H20 
if the conditions favour condensation. 
Marble 
After the skin of gypsum which can incorporate dirt particles is formed, it is 
dissolved in well washed areas and the marble is gradually weathered away. Since 
the surface is usually free from pores there is normally no secondary damage 
resulting from re crystallisation of gypsum. Thus, the rate of erosion is reduced 
compared to that of a limestone in the same environment. Polished marble though, 
will quickly lose its smooth surface. In the cases where marble decays more quickly, 
this is associated with temperature variations that increase the stone porosity. This 
facilitates gypsum re crystallisation under the surface and weathering in the form of 
sugaring often occurs. In sheltered areas, marbles acquire a black scab. However, as 
long as the surface is free from pores, it will not develop unsightly blisters. 
Sandstone 
The majority of sandstones consist of quartz grains, cemented together with silica. 
Iron oxides are sometimes present in the cement, and mica and feldspar grains 
sometimes accompany the quartz. 
Quartz-based sandstones are very resistant to the sulphur-based acids, but they can 
become very dirty, tending to be dirtier in rain-washed areas than in sheltered ones. 
Very occasionally, sulphur-based acids will attack one of the iron compounds and 
temporarily convert it to a soluble form. This can then migrate to the surface where 
lime reconverts it to a rusty-looking insoluble form. 
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Calcareous sandstones (cemented by calcite) are readily attacked by sulphur-based 
acids and weather more severely than limestones because the dissolving of a small 
amount of calcite will release many sand grains. Where the stone is rain-washed the 
surface powders away, and where it is sheltered, calcite converts into gypsum. 
Some of the gypsum is drawn towards the surface in solution and re deposited as 
the moisture dries out again. Thus, a weakened layer roughly 4 mm below the 
surface is produced, and this blocks the pores of the surface layer. With 
temperature changes and the different expansion coefficients of gypsum and stone, 
stresses are generated that tend to break the gypsum layer from the underlying 
sandstone, and in time these layers eventually peel off. 
Calciferous sand stones (containing calcite which is not part of the cementing 
process), behave like calcite-free ones, providing there is no clay present. When this 
happens (argillaceous sandstones), their resistance to weathering is very poor. 
Dolomite cemented sandstones withstand the acid atmosphere better than 
calcareous ones, as dolomite is much less readily attacked by acids than calcite. 
1.3.2.3 Frost Action 
Frost damages only those parts of a building that can become frozen when very 
wet. The damage appears in the form of cracking, producing a few large fragments 
of stone or many small pieces. It never creates powder though, nor blisters. Frost 
damage only happens when a stone is very wet and the break usually occurs at right 
angles to the line of the maximum thermal gradient, and the separated piece moves 
in the direction of the greatest heat loss. Less often, cracks can radiate in many 
directions and reduce a block of stone to several small pieces. The stone resistance 
to frost is determined by its pore structure, the fine-pored stones being more 
susceptible than the coarse-pored ones. 
Frost damage occurs because ice occupies about 9 % more volume than the water 
from which it has formed, inducing pressures that eventually shatter the stone. Frost 
attack may sometimes leave a stone apparently unharmed, but internally weakened. 
It occurs more often in limestones and magnesian limestones than in sandstones. 
Marble has usually too low a porosity to be susceptible to frost attack, unless this is 
increased by prolonged heating and cooling and acidic attack, but this has not yet 
been observed. 
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1.3.2.4 Other Causes of Deterioration 
There are also other causes for stone deterioration, including: 
Wind erosion: Although the wind carrying sand particles can erode and shape rocks 
in desert regions, it seems doubtful that this occurs to any extent in any building in 
Western Europe. In any case, if it should happen, the stone has already suffered 
acid attack and weakened. Hard driven rain will wet the stones thoroughly and dry 
wind flowing past will dry them rapidly, favouring salt crystallisation attack. The 
shaping is caused by varying drying rates with wind speed (higher in narrow 
configurations). The so called wind blown sand is not an important cause of decay, 
but it enhances the damage from other sources. 
Heating and cooling - Wetting and drying: Rapid heating and cooling of stones can 
induce breaking of their parts. The frequency of those cycles is very important on 
the extent of damage. 
Marbles are very much affected by that mechanism as they consist of calcite [8]. 
They are characterised by crystalloblastic structure and calcite crystals of different 
sizes [25, 26]. The calcite crystals present an anisotropy, as they expand along one 
crystallographic axis when heated and contract along the other two, thus behaving 
rather like a conglomerate of different minerals when heated [7]. Thermal changes 
cause decohesion of the crystals and a consequent increase in porosity [8]. They 
also initiate micro cracks along the crystal edges, enhancing acidic pollutants attack. 
Deformation of the stone in the form of bowing, following heating and cooling 
cycles, is attributed to slippage of calcite crystals relative to one another [7]. 
Heating and cooling probably play an important part in the development of blisters 
on limestone once a sulphate skin has formed, due to the higher thermal expansion 
to gypsum as opposed to limestone (ratio 5:1). During a heating phase the sulphate 
layer separates from the stone. 
Wetting and drying is part of the process leading to salt crystallisation damage. 
Apart from that, there is a widespread belief that it causes the decay of porous 
stone and the disintegration of porous rocks. Porous stones expand on wetting and 
contract on drying. Fatigue failure is claimed to eventually occur, because of the 
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shear forces that frequently arise along the planes separating the wet from the dry 
material. 
Fire: Fire can cause blackening, shattering, decomposition and oxidation on stone 
work [7]. Blackening is a deposition of carbonaceous or tarry matter and has no 
direct damages on stone. Shattering is likely to occur if the flames heat up a 
previously cold surface very rapidly. For example, marble 'sugars' under these 
conditions. Decomposition of CaC03 is reached at 550 °C, but it is very slow until 
temperatures of over 900 °C, when quicklime (calcium oxide) is formed without 
structurally affecting the construction. Oxidation alters the colour of stones 
containing iron compounds. 
Chemically induced expansions: Some expansions are caused by chemical changes 
in the masonry itself. This happens when there is an error in design or construction, 
or wrong conservation efforts (rusting of iron, incompatible mortars etc.). 
Living organisms: 
Trees and climbers: Some trees may lower the average moisture content at clay 
soils and cause sufficient shrinkage to damage foundations of nearby buildings. 
Sometimes, seeds will germinate in soil or mortar dust that has accumulated in a 
cavity. The tree's roots will loosen the mortar in their way of seeking moisture. It is 
also argued that the leaf cover of plants causes the stone to be moist er, but it also 
shields it from heat loss by radiation minimising salt crystallisation and frost attacks. 
Algae: Algae form a group of plants that colonise stone that remains damp for 
sufficient time. They impart a green appearance to the stone that is considered 
disfiguring. In an urban environment dirt gets entrapped in the algal mass and the 
appearance is made much worse. It has been suggested [27] that acidic by-products 
of the algae will attack calcareous stones, but it hasn't been proven yet. 
Fungi: Fungi can only live on stone if some organic food is present, such as waste 
products of algae and bacteria, decaying leaves etc. It has been found [28] that the 
food seeking threads of the fungi may extensively penetrate the decayed parts of a 
stone and make their way into otherwise sound stone. They can also produce · 
organic acids [29,30] which are able to dissolve CaC03. Thus, they are potential 
contributors to calcareous stones damage, although the proportion of the total 
decay attributed to them has yet to be shown. 
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Lichens: Lichens are an intimate association of fungi and algae, in which the food-
seeking threads of fungi seek the water and salt and the algal cells manufacture 
organic food. Thus, it seems likely that they are more important than either type of 
organism on its own. Although lichens have been known to attack sandstones by 
either chemical action [31] or by inducing surface stresses when shrinking on 
drying, they are killed by even moderate levels of pollution by sulphur oxides [32) 
and their contribution to stone damage in comparison with other major causes has 
yet to be shown. 
Bacteria: Bacteria are very small organisms and their presence is normally 
recognised only by the chemical and biological changes that they bring about. They 
do not significantly change the appearance of the stone, but they initiate or enhance 
the production of chemicals that can attack stone or mortar. The significance of 
their contribution to stone decay hasn't been shown yet. 
Graffiti: The graffiti has become a problem with the availability of aerosol paint 
cans loaded with cellulose paint. Although most of the paints used for graffiti can 
usually be removed from the masonry surface, it is very difficult to remove pigment 
which has been carried into the pores by a solvent. Repeated attacks with paint and 
repeated removals build up a patchy and aesthetically displeasing stone surface [33). 
Other causes of stone damage include birds and bees, errors in design and 
construction, effects by occupiers, users and visitors of stone buildings and artefacts 
etc. 
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1.4 Conservation of Stone- Cleaning 
Although interest in the conservation of stone appeared very early, consistent 
efforts and studies of stone conservation and preservation only started in the 19th 
century [8]. However, the problems encountered could not be solved with the 
science and technology of the time and it was not until the second and third decades 
of the twentieth century that we could speak about science of stone conservation. It 
is a contradictory fact that science and technology which have largely contributed 
to the accelerated decay of stone, are now playing such an important role in 
conservation. It is obvious that, where possible, the causes of decay must be 
eliminated. However, where weathering and degradation have already affected an 
object, the restoration operation should aim in preserving the form, site and building 
materials of a work of art as intended by the original builder. 
In undertaking restoration work, the following steps should be followed [8]: 
diagnosis, cleaning, pre consolidation, consolidation, superficial protection, 
reconstitution and maintenance. Although all the stages in the sequence are 
decisive, cleaning is the most visually dramatic, as it drastically changes the 
appearance of an object [34]. Cleaning consists of the mechanical, physical and 
chemical removal of weathering crusts and dust deposited on the surface of the 
stone. Usually, the motivation for cleaning a building or an artefact is aesthetic [33], 
but we do not decide to clean just for aesthetic reasons. Cleaning is required to 
ensure better preservation of materials, as soiling and decay are strongly connected. 
However, the wrong choice of cleaning techniques, or lack of skill and experience, 
have lead to disastrous results concerning the appearance and the structural 
integrity of the treated stone [35]. Cleaning may reveal damage which has been 
taking place under the outer skin of soiling [9], not matching stones, poor repairs, 
in depth staining and algal growth and may also break the architectural unity of 
design within an area. The clean object will stand out and no longer 'belong' 
historically and artistically to its surroundings, if they are not treated as well. Thus, 
cleaning techniques must be selected according to the following criteria [35]: 
• They must not cause direct or indirect harm to the object 
• They must allow the widest possible conse!Vation of the noble patina 
• They must not generate by-products which, with time may cause problems to 
the stone (e.g. soluble salts). 
• Their speed must be controllable, so that the operator can adjust and/or 
interrupt cleaning instantaneously. 
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• They must result in a clean and smooth surface, free from cracks, holes etc. 
Other facts to be considered are: 
• The chemical and mineralogical structure of the stone 
• Its porosity 
• The state of decay 
• The type of dirt deposits to be removed 
• · The cost factor, the time required and the availability of skilled workers. Also, 
the repeatability and reversibility of the treatment. 
Before a restoration task is undertaken, pre-treatment analysis should take place, 
including the following points [36, 33]: 
• A thorough understanding of the stone: its geology and technology and its 
causes of soiling and decay, its history, use and earlier treatments. The condition of 
its environment should also be looked at. 
• A thorough understanding of the materials and methods to be used for 
treatment and their likely short and long term effects on the stone. Also, an 
assessment of how the object will look after cleaning. 
The chosen treatment should aim to prolong the life of a stone artefact, therefore it 
should not be applied if there is insufficient knowledge of its action over a period of 
time. Apart from being tested elsewhere, the method should be tested on the 
particular object before any decision is taken. 
1.4.1 Cleaning Methods 
There are several methods of cleaning stone buildings and artefacts. These are [8, 
33]: 
1. Water based methods: Used principally for limestone and marble. They include 
water sprinkling, water spray with or without pressure, very fine water spray (mist), 
steam. 
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2. Mechanical methods: Used principally for sandstones, but also for limestones and 
marble. They include dry grit blasting, wet grit blasting, micro blasting. 
3. Chemical methods: Principally used on sandstones and granites, they involve the 
application of various chemical solutions on the stone surface. 
4. Special techniques such as absorbing clay and jelly pastes, cavitation, inversion of 
gypsum back into calcium carbonate etc. 
5. Laser methods 
1.4.1.1 Water Based Methods [33] 
Some of the dirt which forms on stone, particularly limestone and marble, tends to 
be water soluble. So, if enough water comes in contact with the dirt deposits, it 
either washes them away directly or softens them significantly to allow their 
removal with some mechanical method. 
a) Water sprinkling: The surface is subjected to sprinkling until the dirt deposits 
are softened. They are then removed mechanically. The patina of the stone is left 
fairly intact, but the method does not ensure complete dirt removal. Also, because 
of the enormous amounts of water used, secondary effects such as water infiltration 
and freezing damage may occur, or even salt crystallisation damage. To avoid frost 
damage cleaning should stop during the cold season and at night. 
Normally, mains water is used, but for soft limestone for example harder water is 
required (saturated in calcite, so as not to dissolve it), whereas for granites de 
mineralised water is used. 
b) Water spray: A high pressure jet (50-100 Nt/cm2) is applied on the soiled 
surface for some time, in order to produce swelling of the dirt layer. A series of 
nozzles attached to a length of pipe connected with the mains and moving up and 
down produces the fine water spray. Soluble matter is washed away with the water, 
while the remaining crust may be removed with mechanical methods. This method 
has proven efficient for the removal of soluble salts from limestones, but on heavily 
encrusted surfaces it isn't very effective. Hard water is recommended to be used 
with marble instead of distilled, which in combination with the C02 in the air may 
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dissolve the stone. The amount of water used should be minimised, particularly on 
porous stone. Cleaning should not take place on damaged or friable stone and 
during the cold season or at night, to avoid freezing damage. When damaged stone 
does not aiiow the use of a water spray, nebulizers may be used instead. Their 
action consists of reducing the water to a mist of very smaii droplets with a large 
specific surface. These are deposited on the surface of the stone with practically no 
external pressure. The capacity of nebulised water to dissolve black scabs is very 
high. 
c) Steam cleaning [8, 37]: Steam is generated by a boiler and directed on the 
stone surface through a lance (nozzle). Soluble dirt is washed away, while stubborn 
scabs are removed mechanicaiiy. It is quite a controiiable method, causes minimal 
wetting and the pressure of the steam jet helps remove dirt from details and 
undercutting. However, it is dangerous to steam clean powdering . or friable 
surfaces, and even when applied on sound stone, the water produced on its surface 
from condensation of the steam, should be wiped off to avoid pooling and 
associated risks and possible staining. 
Problems associated with water cleaning [33] 
Water infiltration, salt crystaiiisation damage, frost damage and loss of the actual 
material of the stone due to high water or steam jet pressure may occur. In order to 
minimise these risks, water cleaning techniques should not proceed at night and 
during the cold season, neither should they be used on sugary, fractured or highly 
porous stone. Other consequences that may also occur include: 
• Staining which may take place with the evaporation of dirty water 
• Staining and efflorescence due to salt migration to the surface 
• Release of smaii flakes as a result of salt dissolution 
• Washing out ofloosely joint material 
• Water penetration through pores, joints and cracks that may directly damage 
the stone or cause problems in the future 
• Algae growth on water cleaned surfaces 
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1.4.1.2 Mechanical Methods [10, 33, 37] 
Mechanical cleaning removes dirt by arranging a collision between the dirt and the 
material (object) used to clean in order to produce a force which will break the 
contact between the dirt and the object and will move the dirt away from it. Breaks 
should occur at the interface between dirt and object and the object should not be 
harmed by the method used. In order to achieve this, the following matters should 
be considered: 
• The adhesion between the dirt and the object 
• The toughness of the dirt 
• The mechanical properties of the object 
The simplest form of mechanical cleaning is dusting, which aims to remove loosely 
bound dirt. There are two main methods used for mechanical cleaning: picking 
methods for removing solid layers and abrasive methods. 
Picking methods exploit the difference in physical properties between the dirt and 
the object. Pointed tools, such as scalpels, needles and picks are used to snap off 
and pick up small flakes of dirt. The objects used to clean need to fracture the dirt 
layer through its thickness, and then the plane of fracture needs to turn and proceed 
along the interface between dirt and object. It is evident that this method works 
with brittle dirt of reasonable thickness. The dirt chip removed each time should be 
small, because only a small force is needed to sheer it and the likelihood of 
damaging the object by causing the crack to run through it is minimised. 
Object 
Figure 1: Picking method for the cleaning of artefacts 
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Abrasive methods consist of cutting away dirt deposits as opposed to chipping them 
off [10]. Very small fragments of dirt are cut away by the simultaneous attack of 
many cutting edges, which range from big and rough to little and gentle and include 
grinding wheels, wire brushes, sand paper, air abrasive etc. The cutting edges may 
be fixed on a substrate (sandpaper), used as a slurry or carried in air. On impact 
with dirt they hack away fragments of the target, but this involves control problems 
as this action does not discriminate between dirt and stone. The object underlying 
the dirt crust suffers attack by the abrading particles, the patina is not preserved, 
and apart from it often looking over clean, loss of artistic detail is usually inevitable. 
• Dry grid blasting [33]: This method involves the projection of air abrasive 
material (usually silica) through a nozzle in a stream of compressed air. The basic 
equipment involves a compressor, a pot for the abrasive and delivery lines both for 
the abrasive and the air. Air pressures at the nozzle may vary from 15"80 psi and 
there are different orifice sizes and nozzle patterns available. Other parameters are: 
size, shape and hardness of abrasive material, air pressure, distance between air and 
nozzle and air/material ratio. Dry grit blasting can be performed without the 
restrictions associated with the water cleaning methods, but the dust generated may 
cause problems to the treated stone and the neighbouring site. It does not offer a 
good control, removes the patina and results in a loss of surface layers; it is thus not 
recommended for use on carved masonry. It is also very dangerous for the operator 
who must work wearing protective equipment. 
• Wet grit blasting [8, 33]: This method consists of blowing a mixture of water 
and grit on a building stone surface at pressures of between 18-3 0 psi. A final 
rinsing with water is always necessary. Wet blasting is efficient on facades with 
heavy crusts, but shouldn't be applied on smooth or polished stone or sculpture. It 
is not a controllable method, and as every water using cleaning method shouldn't 
proceed at night and during cold seasons. As compared with the dry grit blasting, it 
offers the advantage of not producing harmful dust. 
• Micro blasting or air-abrasive: It is based on the same principle as the dry 
grit blasting, but instead of large abrasive material, a fine abrasive powder 
(usually aluminium oxide or glass micro beads) is fed through a smaller 
nozzle. The size of the Al20 3 micro spheres ranges from 27-60 Jlm or 150-200 
Mesh [38, 39]. The equipment is the same as the one used with dry grit blasting, 
only in a smaller scale. The mechanical action is thus ensured to be milder, and if 
applied with care, it may be used on decayed and friable stone and even to remove 
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scabs covering painted stone. The removal of surface layers is still unavoidable but 
more subtle. Protective equipment against the powder and the dust created is 
necessary for the operators. 
Problems associated with mechanical cleaning methods [33] 
Damage to the object caused by the picking tools and the force exerted on them, 
indiscriminate surface removal with abrasive methods, loss of patina, flattening of 
carved details and scratched surface appearance after cleaning are inevitable. The 
abrasive material used and the dust produced are dangerous for the users, the site 
itself and the public, while the protective gear the operators must wear is 
uncomfortable and may affect their vision and skill (dexterity). The noise that is 
generated both by the compressor and the extractors can be irritating and may 
affect the hearing of regular users. Liquids can be used as lubricants to minimise the 
impact effect of the abrasive and reduce dust, but water, solvents or oils may have 
other effects on the object [10] and they anyway need to be removed. Repeated 
application of mechanical methods for cleaning will lead to significant surface loss 
and damage. 
1.4.1.3 Chemical Methods [8] 
Chemical cleaning can be carried out with the use of: 
a) Surfactants and emulsifying agents that are added to water. Water is a polar 
molecule and is able to form hydrogen bonds [10]. These two properties allow it to 
dissolve, soften or swell substances which contain polar groups, such as -OH, but 
they also cause a high surface tension and a high viscosity which are not convenient 
for cleaning. Also, water can not dissolve grease which is a non-polar substance. In 
other words, like substances dissolve like. 
Soaps and detergents are additives which enable water to be used as a grease 
solvent by increasing wettability and reducing surface tension [40]. Chemically, 
soaps are salts of organic acids [1 0]. The structure of their chain consists of a 
hydrophilic part with high electron density due to the oxygen atoms and a 
hydrophobic long hydrocarbon chain, which may be visualised as: 
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Hydrophobic Hydrophilic 
Figure 2: Detergent molecule 
The hydrophilic part prefers to dissolve in water, while the hydrophobic is more 
compatible with grease. If the hydrocarbon part contains more than 12 carbons, the 
compound acts as a detergent. The grease molecules attach to the hydrophobic tails 
by Van der W aals forces and are carried into solution. The active part in all soaps 
and detergents used in conservation are negatively charged. There are though non-
ionic detergents, where the polar end of the molecule is not completely ionic but 
sufficiently polar to dissolve in water. Soaps and detergents act at the interface 
between water and grease, and this explains their name as surjactants. The surface 
of water is covered with the polar ends, while the hydrophobic tails stick out to get 
the grease. In the liquid the polar anions form clusters with the hydrophobic tails all 
inside a sphere and the hydrophilic ends on its outer surface and in contact with the 
water, forming miscelles. In the centre of each miscelle grease molecules can be 
absorbed and held in solution, being removed from the object. 
This method is very often applied to marble and limestone, although slate, granite 
and even sandstone may sometimes be cleaned, totally or partially [33]. Powdered 
detergents should be avoided as deposits of sodium salts build up, particularly in 
joints, after repeated applications. 
b) Acids which react with the black scabs and dissolve them, such as hydrofluoric 
(HF) and hydrochloric (HCI) acids. The effects of acids are long term and 
irreversible. 
Hydrojluoric acid [33] is usually used for cleaning sandstone and unpolished 
granite. It is very dangerous to the users and it etches glass and polished surfaces, 
but it doesn't leave behind potentially damaging soluble salts. The success of this 
method depends on the application time and the concentration of the solution [ 41]. 
It cleans sandstone by reacting with the silica of the stone by converting the silicon 
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into silicon tetra fluoride, which is gas. As silica dissolves the dirt which is bound to 
it can be easily washed away. If there is a delay in washing off, the dissolved silica 
may be re deposited and will show as white streaks or bloom. In addition, it is very 
difficult to remove without mechanical means, which will remove part of the 
surface. Iron containing sandstones present another problem. Hydrofluoric acid 
attacks the iron and forms soluble compounds which can migrate to the surface and 
create deep brown stains. Calcareous and dolomitic sandstones (cemented by calcite 
and dolomite) are also susceptible to HF as it attacks both calcite and dolomite. In 
calcareous stones hydrofluoric acid converts the calcite into calcium fluoride, which 
is more soluble than calcium carbonate. The volume of calcium fluoride is 
significantly smaller than that of the calcium carbonate from which it derived, and 
cracks and fissures that are formed allow air pollutants to penetrate and cause 
further decay. 
Hydrochloric acid [8] is particularly damaging and very dangerous. It may generate 
stains and alter the colour, and chlorides which are formed can cause further 
degradation of the stone [42, 43]. Iron compounds impurities dissolve by the acid 
and migrate towards the surface giving it a yellow hue. Hydrochloric acid residues 
induce (activate) deterioration processes of the stone at considerably high rates. 
c) Alkalis and substances with an alkaline reaction destroy cohesion in grease stains 
by saponification [44]. Used with detergents, they help attack grease by preventing 
the formation of insoluble metal salts or the precipitation of soaps [10]. Good 
results have been achieved on limestone, plaster, marble and mortar for the removal 
of sulphate crusts. The most common alkaline cleaning agents are based on sodium 
hydroxide (caustic soda) or potassium hydroxide (caustic potash). They can be used 
in paste form to break down multiply layered paint. After alkali cleaning citric and 
acetic acids are used in neutralising washes. 
d) Organic solvents for the removal of organic substances such as oils, lipids and 
waxes, which are often the residues of previous conservation treatments. These 
substances are particularly sensitive to oxidation and lead to a colour change in the 
stone. They may be removed with alkaline solvents (amines), chlorinated solvents 
(dichloroethane), or aromatic solvents (toluene). Organic solutions have often been 
used to remove biological growths (algae, lichens, moss) [45]. 
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Problems associated with chemical cleaning methods [36] 
It is difficult to control the degree of ingress of fluids into a porous medium such as 
weathered stone. The movement and the reactivity of the liquid both on the surface 
and within the stone can not be precisely assessed or controlled, and the complete 
removal of the chemical after cleaning can not be guaranteed. The conservator is 
unable to assess or monitor the reactions that take place, or prevent harmful 
reactions or deposits following the application of neutralising solutions on the 
stone. The above result in: 
• Staining and bleaching which may lead to structure weakening (due to the 
minerals movement) 
• Pitting, increased porosity and surface roughening 
• Efflorescence and salt disturbance by combined reaction of applied chemicals, 
or by dissolving of minerals within the stone 
• Algal growth 
• Change of the permeability of the stone 
• Discoloration and non uniform cleaning 
• Irreversibility of their effects on the stone 
Lastly, it should be noted that some chemicals used in conservation are extremely 
harmful for the users as well. 
1.4.1.4 Special Techniques 
Absorbent powders and special clays [8] 
In order to avoid deep penetration and to limit (control) the action of chemicals or 
water on the stone, absorbent powders are sometimes mixed with them forming 
pastes that absorb soluble salts and ingrained dirt. The idea of using poultices to 
draw out dirt from stone evolved by a technique for drawing salts out of stone with 
paper pulp poultices [ 46]. As the poultice dries, dirt and/or salts are pulled back 
into it through water evaporation. The use of poultices minimises the necessary 
amount of water and solvents which may disrupt salt and minerals within the stone, 
initiate salt movement or iron staining etc. 
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The most frequently used clays are sepiolite (magnesium hydrate phyllosilicate) and 
attapulgite (aluminium hydrated phyllosilicate) [47]. They are characterised by a 
large specific surface and an elongated crystalline structure. 
Attapulgite can absorb large quantities of water without undergoing any change in 
volume. It is also capable of absorbing oil. It can be mixed with distilled water for 
used on polished stone or colloidal attapulgite for sculptures and ornaments [48]. 
The pack should be applied on the stone for a period of 1-2 months and be kept 
constantly humid. The dissolved impurities are absorbed by the clay, while the 
insoluble residues and the dry attapulgite are removed mechanically with the aid of 
small quantities of water or steam. 
Sepiolite is usually mixed with de ionised water. The layer of water which is 
suspended over the stone surface dissolves the dirt layer. Dirt is pulled back in the 
poultice as the latter dries, and after about 12 hours the mud begins to fall away. 
Once it is removed, the stone may be cleaned with small quantities of de ionised 
water and/or steam. 
Badly blackened stone requires repeated treatment, and as this method is gentle 
enough the stone is cleaned without loss. Water poultices are mainly used for 
cleaning marble, limestone and some sandstones. Alabaster, which is soluble in 
water, can be cleaned with clay and white spirit poultices. 
Problems associated with poultices and packs 
Poultices and packs are partially wet processes; they are kept wet for quite long 
periods of time and they require rinsing after their removal. When impermeable 
seals are used to prevent evaporation from the outer surface of the poultice, dirt 
may stop being drawn from the stone into the pack. If applied on stone whose outer 
surface is flaky or loose, parts of the actual object may be detached with the 
poultice removal. The nature of dirt sometimes requires the use of chemicals instead 
of water, and although when used in a pack the concentration of the chemical 
reagent is low, its movement, cleaning level, chemical reactions and removal cannot 
be totally controlled [9]. The cleaning level cannot be monitored anyway, resulting 
in sometimes over clean objects or surfaces with non-uniform cleaning, while 
stubborn dirt often requires multiple applications of such packs and poultices with 
unsatisfYing results. Lastly, they are not practical for cleaning big objects or 
buildings. 
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Sulphate reducing bacteria 
The biological pack is a similar technique and it is based on the sulphate-reducing 
action of some micro-organisms formed during application to the stone. The pack is 
covered with a polyethylene sheet to prevent rapid drying and the application time 
is 1-2 months. After the poultice is removed, the surface is rinsed with water [8]. 
Some anaerobic sulphate reducing bacteria [ 49] have also been used for cleaning 
marble which has been disfigured by exposure to pollutants such as S02 and soot. 
Their action consists of oxidising some compounds to acetate and carbonate, while 
sulphate is converted to sulphide. The results were encouraging although hydrogen 
sulphide H2S reacted with environmental iron to form a black iron sulphide 
precipitate FeS. Further research is needed to determine the optimum conditions for 
sulphate depletion by these bacteria and also to facilitate the application of this 
method to large marble structures. 
Ultrasonic cleaning [33] 
This technique uses vibrations to achieve its effect. It is a wet process and it is 
mainly applicable to small objects. The vibrations are produced in transducers and 
are transmitted through metal plates to the liquid of the cleaning bath, which may be 
water or some organic solvent. Sound waves are carried by the alternate 
compression and expansion of the liquid. If this alternation is rapid enough, the 
intense waves of vibration that travel through the liquid 'tear holes' in it. Cavities of 
vapour appear and collapse at an ultrasonic frequency. This phenomenon is known 
as cavitation. The ultrasonic bubbles have a brushing effect on the surfaces of an 
object immersed in the liquid, because as the bubbles collapse, the liquid, locally, 
moves very fast. The whole process can be thought of as abrasion with molecule-
sized grit. 
This technique is effective for the cleaning of otherwise inaccessible areas, such as 
the interior of narrow-mouthed vessels. It has been used for metal and stained glass, 
but should not be applied on objects with loose decoration that may detach from 
them. It is also not effective on lead, because it is very soft and malleable and 
'absorbs' the vibration. In the presence of greasy dirt, solvents or detergents are 
added to the bath. 
The equipment used by dentists to descale teeth ( cavitron) may also be used. It 
consists of an ultrasonic vibrating head immersed in a spray of water flowing 
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around and through it. The vibrations are transmitted into the water layer creating 
movement, vibration and cavitation, and the bubbling action eventually cleans the 
surface. It is very efficient when used in conjunction [3 7] with poulticing techniques 
for the removal of dirt trapped in undercuts and crevices. However, when the 
vibrating point is pressed against the stone, it will result in a pit formation. 
Problems associated with ultrasonic cleaning 
It· is not effective for a variety of materials and can only be used on sound stone. 
Being a wet process, it involves all associated problems, and it is not practical for 
use on large objects or buildings. 
Stone cleaning by the inversion o(gypsum back to CaCO~ [50] 
This technique differs from all the others in the fact that its aim is not to remove the 
sulphated crusts from decayed stone, but to convert gypsum back into calcium 
carbonate by spraying a solution of potassium carbonate ~C03) on the gypsum 
surfaces [51-53] to facilitate the crystallisation of CaC03. The transformation was 
stopped when all gypsum film was transformed into CaC03. 
During the reaction 
which is quite slow, a rearrangement of ions takes place, as well as a decrease of 
the volume which loosens the particles that colour the surface. The conception of 
that idea derived from the discovery of the preservation of ornamental details on the 
gypsum film surfaces and of their elimination on the stone-gypsum interface beyond 
a certain limit of film thickness due to the mechanism of sulphation. The method 
was applied on sulphated pentelic marble and it was observed that apart from the 
conversion of gypsum to CaC03 the surface was cleaned and the ornamental details 
consolidated. The method cannot be applied where a gypsum film is not present at 
the surface (for examples at rain-washed areas), and it has not been tested on actual 
artefacts, requiring further investigation. 
Laser cleaning 
In 1972 a group from The University of California undertook a study in Venice to 
determine whether holography could be used in Conservation [54]. Indeed, archival 
holograms of many Venetian sculptures and carvings were made in situ with a 
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pulsed Ruby laser, proving the feasibility and utility of this technique. However, the 
bringing together of scientists of various disciplines and artists lead to the idea of 
using laser light as a means of removing black sulphated crusts from marble 
sculpture. The use of lasers for the removal of an optically absorbing substance 
from a reflective surface dates from the 1960's, when the 'laser eraser' vaporised 
black pigment from white paper by exploiting the different absorption properties of 
dark and light coloured surfaces. 
The following model was suggested to explain the process. When a light beam 
impinges on a surface, the temperature rise at the middle of the illuminated spot will 
be [55]: 
Where 
a is the surface optical absorptance 
I. the laser beam flux 
K the material thermal diffusivity 
t the time 
k the material thermal conductivity 
For the laser used, the output was 1 OJ / 1 o-' sec, and by substituting the typical 
material parameters, the expression for the temperature rise becomes: 
Thus, the temperature rise of a black highly absorbing encrustation, with an 
estimated a "' 0.9, could be as high as T = 150 oc, whereas for white underlying 
stone, the optical absorptance may be assumed to be a"' 0.1 and the temperature 
rise would be of the order of 170 °C. 
Apart from the surface optical absorption, the boiling point and the dissociation 
temperature of the material being irradiated are the main parameters involved. 
Absorbing surfaces will reach a high temperature; materials with low boiling points 
will evaporate etc. By plotting the ratios of stone boiling temperatures versus the 
ratios of their optical absorption coefficients, combinations where selective 
divestment would be possible are indicated in figure 3. 
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ala' 
Figure 3: Selective divestment of encrustation from stone materials. 
1's and T8 are the boiling temperatures, and a and a' are the optical absorptances of 
the stone and the encrustation respectively. Area A is favourable for boiling point 
discrimination. Area B is favourable for absorption coefficient discrimination. In 
area C, which is the overlap of A and B, both mechanisms contribute to the self-
limiting divestment action. 
The validity of this model was determined with several cleaning tests of antique 
marble, limestone and oolite. [56]. For the cleaning tests, the beam from the ruby 
laser used for the holographic recording of the objects was focused to an area of 
less than 1 cm2• The encrusted surface was subjected to successive laser shots until 
the crust was removed and the underlying marble revealed. Tests were carried out 
with both long and Q-switched pulses, whose temporal lengths were 1 0·3 and 1 Q·S 
sec respectively. The first one or two pulses were accompanied by an optical flash 
and acoustical report at the surface, which resulted from the rapid heating and 
expansion of the encrustation. As soon as the underlying stone was revealed, no 
further flash or report were produced, nor further changes occurred to the surface: 
the noble patina of the stone was preserved, in contrast with conventional 
mechanical or chemical cleaning methods. After cleaning, the samples were 
examined with both optical and Scanning Electron Microscope (SEM), and X-ray 
Fluorescence (XRF) spectra were taken. Results obtained with conventional 
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techniques were compared with those from laser-treated objects, where, after the 
removal of mineral stains and thicker encrustations, surface modifications were 
minimal and no chemical alterations were observed. Depending on the laser 
operation mode, there are two main interaction mechanisms by which cleaning is 
achieved [57]. 
• Continuous and long pulse phenomena 
With normal pulses, radiation fluxes between 103- 105 W/cm2 were applied on solid 
surfaces. Absorbing materials heated very quickly to 4000-5000 K and evaporated, 
whereas materials with low optical absorption remained unaltered, as minimum 
energy was deposited in them. When all the absorbing layer had been removed, the 
underlying stone reflected the laser energy as shown in the diagram below. It should 
be noted that the figures are diagrammatic and that the laser radiation is not 
specularly reflected from the clean stone surface. 
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Figure 4: Initial and final interaction oflong pulse laser radiation with an encrusted 
stone 
• 0-switched phenomena 
With a Q-switched laser beam, the flux can reach 107- 1010 W/cm2. At this level, 
even relatively reflecting substances absorb enough energy to reach vaporisation 
temperature. The vaporising material itself absorbs additional energy and reaches a 
temperature of I 04- 1 os K, at which the vapour becomes ionised and strongly 
absorbs the laser energy so that the solid surface is shielded from the laser beam, 
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and, eventually, the initial surface vaporisation comes to a halt. However, as long as 
the laser pulse continues, the plasma is heated and may reach a pressure between 1-
100 kbars, which produces a microscopic compression of the material. When the 
laser pulse ends, the plasma expands away from the surface and spallation removes 
a layer of 1-100 J.lm of the irradiated surface. 
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Figure 5: Initial interaction of a Q-switched pulse with a solid surface and its effect 
on it 
According to Asmus [57], both normal and Q-switched modes present particular 
advantages. The Q-switched mode is more efficient in removing material, and as the 
pulse is very short thermal energy can only be conducted into the underlying stone 
through plasma reradiation, thus eliminating thermally induced micro cracking. On 
the other hand, the normal mode pulses will not remove any underlying stone, as 
opposed to Q-switched which may continue to remove a small thickness of stone 
after the dirt is removed, even though no more than a few Jlm. Fixed-Q pulses 
though, may result in dirt melting and re solidifYing on the stone surface, giving it a 
vitrified appearance and blocking the pores. Therefore, the two operating 
mechanisms are quite complementary in their effectiveness and can be used in 
different situations for optimum results. 
Apart from the above mechanisms by which laser cleaning is achieved, [58], the 
following play a part as well: 
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• If the heating is sufficiently rapid, the expanding vapours are able to scour 
the nearby areas, much like blast cleaning. Thus, moistening the surface prior to 
irradiation induces a localised steam cleaning. 
• Very low laser fluxes can break down superficial layers through thermal and 
photo-decomposition. 
• Intermediate heating of substances induces differential thermal expansion 
leading to delamination of superficial deposits. 
Further tests on various materials were carried out by modifying the laser's 
wavelength, pulse length and energy, as well as the cover fluid and the beam 
convergence. These included removal of soot from hand-painted silk, encrustations 
from stained glass, fungi from leather and vellum, calcareous deposits from pottery, 
tarnish from silver threads in textiles. Lasers were also tried when all else failed and 
were successful in removing overpaint from leather upholstered theatre seats and 
multilayered mural overpaints from the original underlying frescoes, which were 
without cohesive strength and were actually held together by the overpaints. 
The laser technique has also been explored for the divestment of a lost Leonardo da 
Vinci mural in Florence [59]. The mural was created in the early 16th century at the 
Sala del Gran Consiglio and was later covered by Vasari's frescoes during a 
renovation of the room at 1565, after which it was never seen again. Recent 
evidence suggested that the masterpiece may be intact somewhere on the wall, but 
covered by preparation layers for the Vasari mural. The task of recovering 
Leonardo's work consists of carefully taking down the overmural and then 
removing the outer strata of the wall and the slacked lime covering without 
disturbing the underlying artwork. For that purpose laser tests were carried out on 
small 13th century fresco samples covered with lime, which quite resembled the 
properties of the Leonardo work. A pulsed Ruby laser (1 ms pulse duration) was 
used and fluences of 17-20 J/cm2 were allowed to irradiate the surface. Two or 
three pulses were enough to remove the lime from the underlying fresco. Lower 
fluxes were necessary when absorbing solutions were applied on the covering lime. 
Although the operation appeared to be satisfying, locally, the gas excavation 
loosened some gypsum grains of the fresco. This was overcome by covering the 
lime with a sheet of rice paper moistened with water, which quenched the effects of 
the gas kinetic excavation. The authors were planning to use a ruby laser for the 
final divestment, after the whole of Vasari's wall would be taken down and the lime 
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manually peeled off down to a few millimetres. However, it has not been possible to 
trace a paper with the results of the actual experiment. 
Other areas of application have been the removal of dark patchy mineral deposits 
from a marble head depicting Alexander, of mildew from leather-bound very fragile 
volumes at the San Diego library etc. Since 1975 two Nd:YAG laser systems have 
been involved in cleaning crumbling marble Venetian sculpture. They have been 
used in the conservation of a 'Last Supper' sarcophagus lid from Santa Caterina 
Church, and the famous 'Ruskin' capitals of the Palazzo Ducale [60]. The results 
were very satisfYing although some difficulties and problems were encountered as 
well, the difficulty of producing a uniform result and of controlling the cleaning 
level being major. Additionally, the shot overlap required a lot of skill, and debris 
tended to soil previously cleaned areas. However, it was observed that better results 
were obtained when the area to be cleaned was wetted with water prior to 
irradiation. The reasons for that were: 
i) Humidity darkened the crust, enhancing radiation absorption and facilitating 
dirt removal. 
ii) The produced debris (carbon residues and fumes) were minimised 
iii) As the heating was sufficiently rapid, the cleaning action was enhanced by 
localised steam cleaning. 
Altogether [60], laser cleaning presented a number of advantages and umque 
attributes, which include: 
• Selectivity- The laser may be tuned to interact with specific substances 
• Environmentally acceptable - It minimises the use of hazardous chemicals and 
solvents 
• Non-contact - The process offers freedom from contact wear and may be 
automated 
• Preserves surface relief - Both the underlying material and its profile are 
preserved 
• Versatility - Different operation conditions may be set-up, according to 
different material compositions and thicknesses · 
• Localised action - The laser only cleans where it is directed 
• Controlled removal - A specific thickness of material can be removed each 
time 
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Furthermore [3 7], it leaves no dust or moisture on the stone surface, does not 
inhibit other conservation treatments, such as consolidation, and is characterised by 
repeatability. 
At the time though, that these experiments took place, laser technology was not 
very advanced; the available lasers didn't have a high performance, they were bulky, 
slow and very expensive, restricting thus their use in museum laboratories and 
treatments of small objects. Over the years, as laser technology advanced, more 
adaptable and cheaper lasers have been produced and their wider application in 
Conservation seems more possible. More recently, studies that involved their use in 
Conservation include: 
• Experiments concerned with varnish and dirt removal from paintings with a 
XeCI Excimer laser at 308 nm [61]. 
• The cleaning of various samples from varnish and resins applied on their 
surfaces with a XeCl Excimer at 308 nm [62]. 
• Varnish and over paintings removal from icons and paintings with a KrF 
Excimer at 248 nm [ 63]. 
• Research on the effects of different wavelengths of laser radiation on polluted 
stone sculpture and current development of a Nd:YAG laser system, which was 
shown to be more suitable for that application [64]. 
• Use of a pulsed, fixed-Q Nd:YAG laser for the in situ cleaning of stone 
artefacts using a fibre optic beam delivery system, the results being very satisfYing. 
Tests have also been carried out on metals and stained glass with encouraging 
results [ 65]. 
Problems associated with laser cleaning 
The most important problem in the practical implementation of laser conservation 
has been to produce a uniform result [60]. Also, thermally induced micro cracking, 
melting and re solidification of dirt through heat conduction as well as removal of 
stone layers through spallation may arise. However, the cost factor is the main 
parameter that has restricted lasers from being used in a larger scale. Most of the 
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research though that was concerned with the use of lasers in Conservation has been 
carried out with 'primitive' lasers, characterised by low efficiency, beam control and 
versatility, large bulk and low speed, and many of the problems encountered in the 
past may be overcome with the current technological breakthroughs achieved in the 
field. 
A similar technique using light for surface divestment of artefacts involves flash 
lamps [60]. The short, intense light pulses that they emit may raise a thin layer of 
material (typically less than 0.1 mm) to a high temperature, which is generally 
sufficient to induce evaporation or chemical breakdown of the substance. If the 
underlying material is highly reflective or has a high vaporisation temperature, it will 
not be affected. This method is very efficient for flat surfaces of relatively large area 
and cases that do not require spectral purity or high energy fluxes. When a layer of 
water was applied on the surface prior to irradiation, the cleaning . was more 
effective. 
The technique has successfully been applied for the cleaning of the Tamu House 
Post [62], the Dallas County Courthouse [60], the interior of the California State 
Capitol Building [ 60] etc. While effective, the flash lamp was not as efficient as 
would be desirable for practical applications. It proved to be fairly time consuming 
and it needs further development to become a practical cleaning tool. Lastly, flash 
lamps share the same problem with lasers, that of controlling the effects of radiation 
on the object as well as the cleaning extent. 
1.5 Summary 
The purpose of this chapter has been to familiarise the reader with the various 
classifications of stone and to highlight those particular methods which may be used 
for its restoration. 
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CHAPTER TWO 
CONVENTIONAL SCULPTURE CONSERVATION 
TECHNIQUES 
2.1 Introduction 
Liverpool has a large and important collection of sculptures, both indoors and 
outdoors. Most of them were produced by the great industrial wealth of the 
nineteenth century. However, the majority of the external sculptures are 
deteriorating badly because of the geographic position of the city by the river 
Mersey and near the Irish Sea which influences its climate, and its highly polluted 
atmosphere by the numerous industries situated around. 
The National Museums and Galleries on Merseyside was created in 1986 as one of 
the eleven National Museums and Galleries of England and holds one of the most 
important collections in the country from the fields of art, history and science. A 
Conservation Division structured into material-based departments was created to 
take care of and restore these collections. The Inorganics and Sculpture 
Conservation Division is interested in developing a laser system for the cleaning of 
artefacts. However, it was felt that in order to understand, evaluate and improve 
this alternative technique, a knowledge, familiarity and understanding of 
conventional cleaning methods was necessary. Thus, objects constructed from 
various materials and in different degrees of pollution and integrity, requiring 
different treatments were examined, cleaned and evaluated. The treated objects will 
be discussed separately as well as the cleaning techniques applied on each one. 
2.2 Working Experience with Individual Artefacts 
The rest of this chapter is concerned with specific objects on which conventional 
conservation techniques were applied. 
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2.2.1 Florence Nightingale unknown artist 
A mid-nineteenth century Florence Nightingale cast plaster bust needing repair and 
cleaning was the first object to be dealt with. The bust, which was donated by 
Florence Nightingale herself to the Royal Liverpool Hospital, had been painted 
several times in the past following or substituting cleaning and was broken at the 
proper left side of the torso, from the shoulder to the base (proper left and proper 
right conventionally indicate the object's left and right). Smaller pieces had chipped 
off as well, mainly around the bust's base (stand) and along the main line of 
fracture. Even smaller pieces had been missing from various areas of the object, 
mainly from protruding features such as clothes and cap creases etc. At the joint of 
the base some extra plaster was placed internally for reinforcement, while 
newspapers were put at the joint of the neck to the body (picture 1}. 
Picture I: Florence Nightingale Bust before treatment 
The first step for the treatment of the object was the removal of the multiple paint 
layers which caused the surface to lose detail and whose colour was aesthetically 
displeasing. The brush strokes were visible on the surface and excessive paint had 
accumulated within creases and recessed areas of the object. Apart from disfiguring 
the bust, the overpaints also gave inaccurate information about its provenance and 
age. The paint layers were clearly visible when cross sections of samples taken 
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from the region between the creases at the proper left of the bust were examined 
under an optical microscope. Before choosing the suitable cleaning method and in 
order to gain an insight of the object's internal structure, minute samples were 
taken very cautiously, cast in resin, polished and finally examined under the 
microscope. These cross sections, which revealed the layering of each sample, 
indicated the treatment of the object. The samples should be taken from various 
sides of the artefact, so that structural inhomogeneities are averaged out. Ideally, 
they should be taken from areas that do not present visually detrimental effects i.e., 
it is preferable to take samples from the back of an object or within crevises and 
undercuts and not from a smooth surface which is directly noticed by the observer. 
The samples taken from Florence Nightingale were from the interior of her cloak's 
creases at the proper left side of the bust. They were cut off with the aid of a small, 
sharp scalpel and then cast in clear polyester resin. The following procedure was 
then adopted: 
• Initially, a layer of resin was cast in a small mould and left to set. 
• The sample was then placed on this solid substrate and more resin poured on 
top until it was fully covered. The reason the sample was not put directly in 
liquid resin is that it tended to float around and it was more convenient to 
position it on a solid base. Furthermore, the resin tended to have irregularities 
on its surface, so the sample was placed in the middle of it. 
• Once the resin was cast, existing bubbles were eliminated to allow clear 
observation of the sample. 
• When the resin had set, the sample was then polished on sandpaper of 
successively decreasing aggregate size until a smooth level surface was finally 
obtained. Lubricants could have been used in order to facilitate the polishing 
procedure, but they had to be carefully selected in case they disturbed parts of 
the sample. The samples from Florence Nightingale were polished on 
carborundum (silicon carbide) paper, whose grade ranged from 100 to 12000 
Mesh. No lubricants were used during polishing so as not to disturb the paint 
layers. Great care was taken in order to obtain a level surface for microscope 
examination, as in high magnification the depth of field is very small and a 
wedge-shaped sample would have resulted in a blurred image. 
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• The samples were then examined under a reflection optical microscope with 
maximum magnification x 90 with a halogen lamp as the light source, and the 
following layer structure was observed: (Further photographs were taken using 
UV as well as halogen lamps). 
_I 
' 
Picture 2: Sample from the Florence Nightingale Bust, cast in resin and polished. 
The layers of the cross section are visible. 
The above layers were identified as (starting from the interior): 
1. Plaster 
2. Sealant for plaster, which seemed as if it had permeated the substrate. This may 
have been oil, shellac etc. and it was applied on the plaster for two reasons. 
Firstly for protection, as plaster is very fragile and easy to scratch and, due to 
its texture and colour, prone to soiling with the sealant preventing dirt ingress 
as well as acting as a moisture barrier and a scratch resistant layer. Secondly, to 
prevent the painting medium of imbibing the substrate which was very porous, 
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resulting in a very dry paint layer. However, a paint layer may not have been 
planned for the bust and, in this case, the sealant acted purely as a protector. 
3. Very finely particulate paint layer 
4. Varnish layer, which when observed under UV light appeared to have 
accumulated dirt 
5. More granular paint layer 
6. Very thin varnish or dirt layer 
7. Rather granular layer, which might have chalk (CaC03) as an extender (an 
inert, colourless or white, and usually transparent body, used to diffuse or to 
dilute coloured pigments. Extenders up to certain proportions may increase and 
improve the wearing qualities of paints [I]. 
8. Dirt layer 
9. Medium rich quite brown paint layer 
10. Varnish and dirt layer 
I I. Yellowy brown, quite granular layer 
I 2. Dirt layer, followed by a medium rich brownish layer, which is not uniformly 
applied on the whole surface 
13. White surface, of very fine particulates, followed by a dirt layer 
14. White non-homogeneous more granular layer 
The paint layers were not analysed or identified but considering their colour and 
the time the bust was made, may be based on either white lead or zinc white[!]. 
Apart from the identification of the layers, a very interesting feature was observed: 
although the stopping medium followed the form the artist gave to the object, the 
other layers did not follow that shape, and definition was lost from even the second 
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layer. The removal of the paint layers would be realised with chemicals, but, it was 
first attempted to remove them by mechanical means (e.g. scalpel) before choosing 
the most suitable solvent, so as to gain an insight of the cohesion of the paint 
layers, their softness or hardness, the difficulty they presented in being removed, 
their thickness and texture etc. 
This task was performed under a reflection optical microscope with maximum 
magnification x 90. Halogen lamps were used as light sources because of the high 
intensity clear light they emit. However, great care was taken because the heating 
action of the lamps softened the surface layers and rendered them 'sticky'. The light 
impinged at an angle to the object's surface so as to reveal relief, and the surface 
was as parallel as possible to the microscope lens in order to have a sharp focus 
over the whole working surface. The process proved extremely difficult and time 
consuming because of the strong adhesion of the layers and their minute thickness. 
It was finally decided to remove the top five layers and stop at the sixth one. For 
that purpose, the following chemicals were applied with cotton wool swabs and the 
resulting surface evaluated: 
White spirit (C9H20, turpentine substitute): No paint was removed 
White spirit and acetone 111: No paint was removed 
Acetone: No paint was removed 
Water: No paint was removed 
Note: Water was not used in the first place, because if the paint layers were water 
soluble, water would penetrate through and disrupt them and there would be no 
control over the cleaning action. 
Isopropanol (propan-2-ol): No paint was removed 
Methylated spirit (95 %Ethanol and 5 %Methanol): The top three layers appeared 
to come off, and in places the fourth layer was removed as well. When the 
application was extremely gentle, the cleaning action stopped at the beige layer, but 
because this was not uniform over the whole surface, it often revealed the 
underlying brown varnish. 
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Nitromors : All purpose Nitromors is a commercial paint stripper that contains 
cellulose fibres and CH2Cl2. The type that was used was water based and had a 
high viscosity which offered better control. When applied, it softened the paint 
layers very fast and therefore had to be totally removed and neutralised. Thus, 
acetone was applied with a second swab, but the cleaning action was not 
controllable as the top 4 layers were immediately removed. Acetone was then 
substituted with white spirit which resulted in a milder cleaning action. Although 
the type ofNitromors used was water based, water was not used as a rinsing agent 
mainly because it evaporates very slowly and may swell the paint layers. 
Altogether, the Nitromors proved unsuitable for the bust cleaning. 
Vulpex (C24H430 3K, potassium cyclohexyoleate): Vulpex is a soap which is used 
where water is impractical, for example on feather work. It is also used as a 
degreasant or emulsifier and a paint stripper. It is highly alkaline and soluble both in 
white spirit and water. On the F .N. bust it was applied with cotton wool swabs and 
then removed and neutralised with white spirit. The upper paint layers were 
removed and the process offered good control, particularly when considering the 
inhomogeneity of the layers. 
It was thus decided to use the above combination of Vulpex and white spirit to 
clean the plaster cast. As the cleaning proceeded, it was noticed that the paint was 
easily removed from the object's face compared with the bust, and this was 
attributed to the former's surface smoothness which allowed a higher degree of 
uniformity of the applied paint. The cleaning has not been completed yet and 
therefore, no photographs of its condition after treatment are available. 
2.2.2 Death of Virginia by Giacomo de Maria (1762-1838) 
This was the second object treated with conventional conservation techniques. It 
had been carved in white marble between 1806 and 1810 partly as instruction for 
the students at the Accademia di Belle Arti in Bologna. According to the sculptor, 
it was one work of greatest difficulty with the multiplicity of points of view, the 
interweaving of the lines and the execution itself. The full size plaster of the statue 
is in the Accademia de Belle Arti in Bologna and impressions of the engravings 
after it are in the Walker Art Gallery. The statue was seen by a Mr Starkie in 
Bologna in 1819 and purchased by him for 740 Louis d'Or. It was shipped from 
Trieste to Liverpool in 1820 and purchased from G.P. Le G. Starkie of Huntroyde 
Hall, Burnley in 1968. 
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The statue was a larger than life (height 214 cm) group of two figures, a male and a 
female, father and daughter and it was inspired by the following story: Virginia was 
a renowned beauty and very dear to her father. The local tyrant, having heard of 
her virtues, wanted her for himself In order to save her from dishonour and slavery 
her father killed her and the statue depicted him just after Virginia's death, holding 
her body in his proper left arm and a dagger in his proper right hand. The statue 
was situated in the coffee room of the Walker Art Gallery (picture 3). 
Picture 3: Death of Virginia being cleaned. The dagger held by the male figure was 
not yet removed. 
• Condition before Treatment 
No records were kept of a previous treatment of the statue. It was generally in 
sound condition and showed no signs of active disruption, as was expected from a 
sculpture that had not been exposed to an outdoors environment. The proper right 
leg and foot of the male figure were partially covered with varnish that had 
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polymerised and had a dark browny-yellow colour (see picture 4). A dagger was 
held in his proper right hand. This was made of wood, covered with a preparation 
layer and then guilded and/or gold painted. It was then overpainted with a paint to 
match the colour of the stone. The dagger had a slightly tilt wooden dowel to fit in 
the man's hand. Its origin was uncertain; it was not known whether it had originally 
· been there or was a later replacement. The whole proper right arm was carved 
separately and was later attached to the man's body at the shoulder with a metal 
dowel. The gap at the joint was filled with plaster which had shrunk and acquired a 
colour darker than the stone (see picture 5). Although it was quite secure, there 
still was some movement in it. Under the arm, there was an iron stain caused by 
water from 
Picture 4: Death of Virginia, male figure's proper right leg and foot partially 
covered with varnish. 
Some small pieces from the clothes creases had chipped off and the revealed 
surface was rough and sugary and required consolidation. The fingertips of the 
girl's proper left hand were also broken (see picture 6). 
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Picture 5: Death of Virginia, male figure's joint of the proper right arm to the body. 
The marble group was very dirty, although the dirt was mainly superficial. Dirt was 
ingrained in places, particularly within folds, creases and undercuts and on the 
sugary surface that remained after marble pieces had chipped off. 
Picture 6: Death of Virginia, Virginia's proper left hand 
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• Treatment 
The following mixture was used to clean the white marble group: 
• White spirit"" C9H20 , 500 m! 
• De ionised water, 500 m! 
• Synperonic non-ionic detergent/wetting agent for use with water (nonyl phenol 
ethylene oxide condensate), 10 m! 
Synperonic was added for two reasons: its cleaning properties, as the soap itself 
also attacks dirt, and its ability to 'mix' water and white spirit, creating an emulsion 
which enables the removal of both polar (hydrophilic) and non-polar (hydrophobic) 
dirt compounds. 
The above mixture was applied and rubbed on the statue's surface with cotton-
wool swabs or white bristle artists' brush, and removed with cotton-wool swabs 
dipped in de-ionised water followed by white spirit. As the neutralising process is 
as important as the cleaning itself, all residues of the cleaning solution and 
dissolved dirt should be eliminated from the object's surface. Acetone could have 
been used at this point instead, being miscible with both water and white spirit, but 
as it leaves a matt film on the surface after it evaporates it was not chosen. 
Where dirt was more persistent 'solvol-autosol' (a cream containing softly abrading 
particles commonly used for metal polishing) was applied on cotton-wool swabs 
and/or white bristle artists' brush, and was later removed with cotton-wool swabs 
dipped in white spirit. 
The varnish on the leg of the male figure was removed by applying commercial 
'Nitromors' paint-stripper on a cotton-wool swab and removing it with acetone. In 
places, where the varnish was very hard to remove the paint-stripper was applied 
and left for a while in order to impregnate and swell the varnish and facilitate its 
removal. As it was expected, the varnish protected marble came out much whiter 
and cleaner than the rest of the statue which was exposed to the environment (see 
picture 7). 
It was not attempted to remove the iron stain on the man's arm. Instead, it has been 
mildly retouched with acrylic paint. 
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Picture 7: Death of Virginia, male figure's proper right leg and foot cleaned from 
the varnish. 
The superficial plaster from the arm joint has been removed and the gap filled with 
a mixture of Cosmolloid micro crystalline wax 80H, white spirit and white sand. 
The latter was added to reduce shrinkage of the wax with hardening. Then, the 
area was retouched with acrylic paint. (Cosmolloid Microcrystalline Wax 80H is a 
chemically clean mixture of solid hydrocarbons: saturated cycloparaffins and 
isoparaffins with branched chained structures. It is characterised by high melting 
point, good plasticity, good flexibility at low temperatures, good adhesion, acid 
resistancy, water repellency and colour consistensy - it doesn't turn yellow with 
time.) 
The dagger was removed with 'Nitromors' and cleaned under an optical microscope 
using cotton-wool swabs dipped in methylated spirit. After the cleaning it was 
retouched. 
The sugary parts of the sculpture have been consolidated with acrylic resin. After 
the cleaning has been completed, the statue was coated with cosmolloid wax and 
white spirit. The white spirit was added to liquefY the wax until a thick creamy 
consistency was attained, which was then applied on the object's surface using a 
soft bristle artists brush. Excessive wax was removed with soft tissues, which, 
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unlike cotton-wool, do not leave behind strands caught by surface irregularities. 
The wax coating constitutes a protective film and a kind of dirt barrier, as dirt is 
more likely to remain on the wax surface rather than penetrate it and depositing on 
the actual stone. Although wax may also act as a moisture barrier, which having 
penetrated the stone may cause severe damage through salts and minerals 
movement, this particular sculpture ·did not present any reasons why such a 
situation should occur. Having always been kept indoors in a room with no great 
fluctuations of temperature and humidity, it did not contain any significant amounts 
of water within the stone that would cause damage if sealed. Thus, wax constituted 
a harmless reversible protective coating against dirt and possible condensation 
caused by the number of visitors in the Museum. After the wax treatment, Chinese 
talc (very fine CaC03 powder) was dabbed on the surface. Apart from aesthetic 
reasons, that is, improvement of the texture of the surface by giving it a matt and 
translucent appearance, it also acted as a barrier against dirt; wax has a limited 
capacity of incorporating foreign matter, and talc saturates it, thus restricting dirt 
particles from being absorbed by it. 
Comments 
While cleaning the statue two factors had to be taken into account and be 
compromised. First, it was not desired to make the sculpture 'look new', that is, 
remove all the dirt and restore the original white colour of the stone. Such a result 
would be unnatural and also fake the age of the object. A balance should be 
achieved where dirt would be removed, but the passage of time and the natural 
ageing of both the stone as a material and the sculpture as a structure should be 
preserved. On the other hand, when wax was applied on the surface, it 'brought up' 
dirt - not literally, but the stains and remaining dirt becal}le more pronounced and 
visually displeasing. 
Care had also to be taken with the varnish protected stone, which had been kept 
cleaner than the rest of the statue. Fortunately, when viewed as a whole, the colour 
difference was not striking and no retoucli was needed. 
In order to balance the above, the cleaning was carried out lightly to begin with and 
was repeated following visual inspections of the statue as a whole, until the desired 
result was reached. 
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The dagger had not been completed yet and put back in place when the post-
treatment photographs were taken. 
It should be noted that all the conservation techniques that were applied were 
reversible and that interference with the object was minimal. 
The photographs included below illustrate various stages of the cleaning of the 
statue. 
Picture 8: Death of Virginia, during cleaning. 
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Picture 9: Death of Virginia, Virginia's head half-cleaned 
Picture 10: Death of Virginia, back of the statue half-cleaned 
I 
.1~ 
Picture 11: Death of Virginia, cleaning almost finished 
Picture 12: Death of Virginia, Cleaned, waxed and talced. The dagger was not yet 
replaced 
65 
2.2.3 Memorial portrait of William Huskisson by John Gib son 
William Huskisson was a politician and M.P. for Liverpool since 1823. and had 
won golden opinions for his performance fir that role. He was also a senior 
politician of national distinction, having been Senior and Junior Minister in 
Governments and Secretary for War and Colonies. He was killed on the 15th of 
September 1830 at the opening of Liverpool and Manchester railway by the 
unattached engine 'Rocket'. Huskisson was among the celebrities who attended the 
event in spite of his being ill for long, Unfortunately, as he went to greet his former 
colleague the Duke of Wellington, the other train came steaming up and although 
the crowd saw it and shouted, Huskisson, with enfeebled body and nerves unstrung 
by sickness missed his footing and fell on the railway line just as the 'Rocket' came 
up. His right leg got crushed and he died a few hours later from the effects of the 
accident. His body was interred on September 24 in St. James' Cemetery, by the 
Anglican Cathedral, in Liverpool with great honours. After a public meeting, 
money was raised for a memorial to him in the cemetery by John Foster Junior, a 
graecophil Liverpool architect. John Gib son, a student of Canova, was 
commissioned to sculpt his figure. 
The work, carved in white Carrara marble, was realised in classical style and 
Huskisson was represented clothed in Greek drapery with the right arm and 
shoulder uncovered, holding a scroll which he unrolled at the same time looking at 
the spectator with firmness. 
The reason Huskisson was represented as a classical hero was that Gibson wanted 
to avoid any likeness with English portrait statues, and he also considered that the 
human figure wearing modem clothes was not a subject fit for sculpture. The 
statue was approved by Mrs. Huskisson who had travelled to Rome to inspect it. 
It is interesting to notice that when the committee heard of its bare arm and 
shoulder sent instructions that they should be covered. Fortunately, Mrs. Huskisson 
disagreed and after her opinion was communicated to the committee the statue was 
finished unaltered. 
When completed, it was installed at St, James' Cemetery in the Mausoleum 
designed by John Foster, which although a pleasing structure in itself, was 
unsuitable for the housing of a politician's figure. The statue could only be seen 
from inside the building, and then from its poorest vantage points below its base. 
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That was why Mrs. Huskisson ofl'ered the money for another marble and a bronze 
statue of her husband, which were presented in Pimlico Gardens, London and 
outside the Custom House, Liverpool respectively. 
The first version of the statue, which has remained in Huskisson's memorial since 
1836, had badly deteriorated due to the climate and pollution of Liverpool. Apart 
from Cleaning, structural repairs were necessary, and so the statue was removed 
from its position and stored in the Sculpture Conservation studio for treatment. 
• Condition before treatment 
No records were kept of a previous treatment of the statue whose condition was 
very bad. It was severely polluted and showing signs of active disruption. More 
specifically, a black sulphation layer had formed on most of its surface, as although 
sheltered from direct rain, it was not protected by atmospheric pollution and the 
high humidity levels of the area. Thus, acid droplets had reached its surface and 
reacted with the stone resulting in the formation of CaS04. Pollutant particulates 
had deposited and 'blended' with it and the skin got darker and less permeable with 
time (dirt washing) (see · 13 and 14). 
..:·•:. 
Picture 13: William Huskisson Memorial Portrait before treatment 
G7 
Picture 14: William Huskisson Memorial Portrait before treatment 
However, parts of the statue were reached by rain and the slightly soluble gypsum 
was frequently washed off, together with any dirt fixed to it. In those areas, where 
light clean streaks were produced, the marble remained white but slowly eroded, 
and although it appeared unaltered, it had undergone thinning. this situation could 
be seen on the proper left side ofHuskisson's face. 
Increased stone porosity, probably caused by temperature fluctuations and sub 
florescence, facilitated gypsum re crystallisation under the surface and caused 
structural damage in the form of sugaring. 
Together with the above causes, frost damage as well as vandalism have resulted in 
loss of some of the statue's features, such as the end of the proper right foot, the 
nose, the proper right hand and the scroll it originally held. Smaller pieces, 
particularly from the creases of the robe had also chipped off. 
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The revealed stone was very crumbly and samples were taken and examined under 
optical microscopes with reflected light. Various filters as well as UV light were also 
employed to highlight certain features of the specimens. 
The features of interest included the crystals arrangement, the layered structure of 
the stone, the identification of the salt layer between the calcite and the black 
sulphation layer etc. Crumbled crystals of the statue may be seen in the picture 
below: 
Picture 15: White Carrara crumbled marble crystals 
Prior to examination the samples were embedded in clear polyester resin and sanded 
down on carborundum (silicon carbide) paper of successively increasing grade 
(hence, finer), starting from 100 Mesh and getting down to 12000. No lubricant was 
used so as not to disturb the salt layers. 
It must be noted that after the sample was embedded in resin its colour had been 
slightly modified as the resin impregnated the stone and changed its refractive index. 
When observing a cross section of the statue under the microscope, the following 
layers were identified (starting from its surface). 
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A thin black sulphation layer of rough texture. The contained carbon was very finely 
grained and under high magnification a flyash was observed and photographed. 
Apart from carbon, various other materials such as dust, dirt particles etc. had been 
incorporated in the crust. 
A finely grained layer of light colour (off-white with a hue of yellow) and very small 
thickness (1/2 or 1/3 of the sulphation layer thickness). Its texture resembled salts 
texture and it was assumed it was CaS04• When examined more closely, this layer 
seemed to consist of two slightly different colours (one was more yellow than the 
other) that blended, the whiter layer being immediately under the surface crust. This 
colour difference may be due to a transition phase connected with the minerals or 
dirt particles movement within the stone. 
The actual marble composed of calcite crystals. Although when viewed as a whole 
the crystals looked white, under the microscope it was apparent that they were 
transparent. The reason for that was that when white light entered them, it was 
reflected and refracted several times and as there was no preference among any of 
the frequency components, the emerging light appeared white to the observer. 
Comments 
The boundaries of each layer were not precisely determined, as they constituted 
transition zones. The black sulphation layer was not restricted on the very surface 
but diffused in the crystal lattice as well. The penetration depth was strongly 
dependent on the crystals size and cohesion, the porosity of the stone, the type and 
size of the crust constituents, the morphology and texture of the specific area and 
should not be generalised. In some samples, dirt particles were found well below the 
surface, while in others the calcite crystals within the stone were not affected 
(discoloured) by the dark sulphation layer. No dirt particles were observed within 
the salts layer. 
For the identification of the salts, selective staining with certain dyes is applicable. A 
dye normally used for staining of biological samples, Alizarin Red by Sigma was 
used for Huskisson, after it had been recommended for the staining ofCaS04. 
Alizarin crimson is the colouring principle of the madder root and was first made 
synthetically in 1868. It is soluble and turns purple in dilute sodium Hydroxide. In 
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UV light synthetic Alizarin does not give any of the strong fluorescence that is 
characteristic of madder lake. The colour by transmitted light is purplish red. 
A solution was prepared with Alizarin diluted in Ethanol. As no specific instructions 
were given as to the required concentration of the solution, dye was added to 
Ethanol until a saturated solution was obtained (no more dye was dissolved). The 
solution was then passed through a filter that retained the undissolved dye particles. 
Sodium hydroxide concentrate was then added (pH=14) and the samples were 
soaked for 3-5 minutes in the above solution and then rinsed with ordinary tap 
water. After the drying they were examined under the microscope. 
Although the salt layer was stained pink, other parts of the sample were also 
affected. For instance, one sample that was characterised by two streaks of very fine 
calcite had them stained as well. This indicated that the staining properties of the 
dye were not chemical but physical. That is, the dye did not react with calcium 
sulphate resulting in its colour change, but it seemed to settle in areas that consisted 
of very finely grained particles, such as the salts or the fine calcite crystals. The 
reason for this happening was that the dye particles lodged within the crystal 
interstices and other irregularities and when the particles were very small the total 
surface area of the interstitial cavities was increased and therefore those samples 
with finer particles appeared coloured to the observer. 
In order to verifY the above model, we soaked a sample of very finely grained 
limestone in the solution. The sample was stained altogether, apart from areas that 
contained relatively large and very smooth quartz crystals. This might have been due 
to either their size, their texture, their boundaries being tighter etc. 
Treatment 
The most common techniques used in such cases involve steam cleaning, poulticing 
and air-abrading. Cleaning tests were carried out on parts of the statue before 
choosing the most adequate method. 
Air-abrading: The apparatus settings were the lowest for which cleaning was 
observed, for fear of over cleaning the stone. The powder that was used was 
aluminium oxide (Al20 3). The particles diameter was 17 f.liT1 and the nozzle diameter 
was approximately 1 mm. The backing air pressure was 1 bar and the powder 
feeding rate was minimum. The nozzle - to - object distance was kept at the furthest 
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point for which a cleaning effect was observed, and was in the range of 1 0 cm. The 
crust was removed, but the method offered no control over the cleaning depth and 
rate. As the sulphation layer was not thick, it was instantly abraded, but so was the 
underlying stone. Thus, the patina was not preserved and furthermore, the skin of 
the stone was removed revealing the friable sugary marble underneath. 
Steam cleaning was also employed to remove the black surface crust. Although in 
areas this was very easily done, it generally needed many applications and the 
process was very time consuming. Apart from that, the prolonged steaming time 
that was required for the dirt removal resulted in excessive wetting of the surface 
and in areas of cracks and increased porosity the water penetrated and soaked the 
stone. Lastly, the steam pressure presented hazards in terms of blowing off' loosely 
bound surface features as well as calcite crystals that were revealed under the stone 
skin and were particularly friable. 
As steam cleaning alone was not very effective and was also potentially hazardous 
to the already deteriorated statue, poulticing was also practiced. The used poultice 
was sepiolite clay (magnesium hydrate phyllosilicate) mixed with de ionised water 
until the desired consistency was reached. It was then applied on the dry sulphated 
surface and was left to dry for 12 hours. As the poultice dried, it pulled back dirt 
into it through water evaporation. When all the water had evaporated the pack 
cracked and looked like arid soil. It was then peeled off and the stone steam cleaned 
to remove all the remains of the dried poultice and dirt. Although more than one 
application was usually required as the stone was badly blackened, the combination 
of poulticing and steam cleaning reduced the amount of water used and the hazards 
associated with repeated applications of high steam pressure facilitating the cleaning 
process in respect of steam cleaning alone. 
It was decided not to use chemicals for two reasons. First, and most important, the 
use of chemicals wasn't really necessary since the dirt layer could be removed with a 
milder method (poulticing and steam cleaning). Second, the stone was very porous 
and cracked and would absorb the chemicals rendering their neutralisation and 
removal very difficult, if not impossible. 
Eventually, it was decided that the combined use of sepiolite and steam were the 
most adequate conventional cleaning techniques for the cleaning of the statue. Laser 
cleaning tests were also performed and their results will be presented in Chapter 3. 
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Photographs of samples from the statue untreated, steam-cleaned and air abraded 
are included below. 
Picture 16: Polluted white Carrara marble from the Huskisson Memorial, cross 
section of non-embedded sample. 
Picture 17: Polluted white Carrara marble from the Huskisson Memorial, air-
abraded sample. Picture of the boundary of cleaned and soiled areas. 
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Picture 17: Sample from the Huskisson Memorial, steam-cleaned sample, boundary 
between cleaned and soiled areas. 
2.3 Summary and Further Work 
Through the work carried out for the restoration of the bust of Florence 
Nightingale, the Death of Virginia and the Memorial Portrait of William Huskisson 
a familiarisation with conventional conservation techniques was initiated. 
Experience was gained in the areas of mechanical, chemical, steam and poultice 
cleaning, as well as an understanding of the methodologies employed by 
conservators and an appreciation of the encountered difficulties in the course of 
restoration work. Most important of all, a 'feeling' for the objects' approach and a 
new perspective of looking at artefacts was experienced. However, technical skills 
should be further developed and a more detailed study of conservation science 
carried out. 
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CHAPTER3 
APPLICATIONS OF LASERS IN SCULPTURE 
CONSERVATION 
3.1 Introduction 
The Inorganics and Sculpture Conservation division of the National Museums and 
Galleries on Merseyside was interested in developing a practical and self-limiting 
cleaning tool for stone. For that reason, they collaborated with the Optoelectronics 
Group in Loughborough University and funded a PhD student to carry out research in 
the field of laser cleaning. The project involved studying the interaction of laser 
radiation with both clean and polluted stone, the effect of changing the laser 
wavelength, monitoring the cleaning process and finally, the development of a practical 
system for the cleaning of the statuary. This system required portability and flexibility 
so as to be used for in situ cleaning by conservators. It was found after a series of 
experiments that a Q-switched Nd:YAG laser gave the best results for the removal of 
dirt layers from limestone and marble. A system comprising the actual laser and a 
flexible beam delivery arm was then developed, and other materials have also been 
tested. Monitoring of the cleaning action was also attempted and a model proposed for 
the dirt removal from stone. 
During the past year, several objects have been irradiated with the developed system 
and the resulting surface evaluated and compared with conventional cleaning 
treatments. Photography, as well as results from surface analysis techniques have also 
been employed in an effort of a better understanding of the mechanisms involved in the 
process. 
3.2 Experimental Work 
Previous work [I] has shown that radiation at 1064 nm is very efficient in removing 
dark encrustations from stone sculpture. Both fixed-Q and Q-switched pulses have 
been used, and although no naked eye alteration of the stone was apparent, when the 
treated areas were examined under a microscope it was observed that the fixed-Q 
pulses had given rise to various thermal effects on the surface. Melted and re solidified 
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globules, which were composed of dirt or stone or both, were observed and the 
cleaned stone surface seemed to be modified. Q-switched pulses were found to be an 
order of magnitude more efficient than fixed-Q in the removal of dirt layers and caused 
no thermal related damage to the stone. 
Last year, a set of samples cleaned with fixed-Q (IOO J.!S) and Q-switched (20 ns) 
radiation were examined in a scanning electron microscope (see Appendix). The 
samples were polluted Ancaster limestone from Lincoln Cathedral (see Appendix) 
covered with a hard black encrustation. Tests were carried out on wet and dry samples 
and it was found that when water was brushed onto the specimen's surface prior to 
irradiation the cleaning effect was improved and the resulting surface was left in better 
condition. Thus, a thin film of water was brushed onto all surfaces before they were 
irradiated whenever this would not adversely affect the integrity of the objects. 
The following experimental set-up was used: 
Nd:YAG f=300 mm Sample 
Scope 
Figure I: Experimental set-up for the laser cleaning of stone 
The laser was a System 2000 Nd:YAG laser manufactured by J.K.Lasers, using a 
Pockells cell as its Q-switch mechanism. A glass slide was positioned in the path of the 
beam at an angle of 45° to reflect approximately 8% of the incident radiation. This can 
be explained in terms of Fresnel reflections at the interface of two media with different 
refractive indices n, such as air (n = I) and glass (n = 1.5). The reflected portion of the 
beam was incident upon a Gentec calorimeter whose output was displayed on a 
Tektronix 466 storage oscilloscope. The amplitude of the wave form (signal) was then 
measured which was proportional to the incident energy (2.8I mV/mJ). The spot size 
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of the beam was measured using black photographic paper. The sample was positioned 
behind the focal point of the lens for two reasons: first, so that the ejecta was not 
deposited on the lens and second, a better control of the fluence on the samples' 
surface was achieved. Bass, Nassar and Swimm [2] have also reported that maximum 
mass removal occurs when the beam is focused below the entrance surface of the 
sample (case (a)) and much less material is removed when the focus is at the same 
distance outside the surface (case (b)), although focusing parameters are identical in 
both cases. 
Sample surface 
(a): The beam is focused below the 
entrance surface of the sample 
Sample surface 
(b): The beam is focused above 
the entrance surface of the sample 
Figure 2: Focusing geometries for different positions of the beam waist with respect to 
the sample surface 
Both Q-switched and fixed-Q pulses were used and the treated samples were later 
examined in a scanning electron microscope. It was apparent that the long pulses 
caused modification of the surface due to the diffusion of heat into the crust and stone 
and glossy black nodules of fused and re solidified dirt and/or stone were clearly 
visible. Q-switched radiation removed the dirt layer without giving rise to any thermal 
effects or otherwise· modifYing the stone surface (see pictures 1 and 2). It was thus 
decided that short pulses at 1064 nm were the most suitable for the removal of dark 
encrustations from polluted stone sculpture. 
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Picture 1: SEM photograph of formerly polluted limestone sample, wet cleaned with 
long pulses at 1064 nm. Energy fluence on target= 1 J/cm2, repetition rate 5Hz. 
Melted and resolilidified globules of dirt and possibly actual stone are clearly visible. 
Picture 2: SEM photograph of formerly polluted limestone sample wet cleaned with 
short pulses at 1064 nm. Energy fluence on target= 0.15 J/cm2• No thermally induced 
surface modifications are observed. 
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The next object to be treated with Q-switched pulses at 1064 nm was a finely grained 
polluted blond limestone (probably Weldon) head from Lincoln Cathedral. When 
removed from its position it was entirely covered by a black crust harder than the 
underlying stone, whose thickness varied from 0.1 to 2 mm, and was badly weathered. 
Cracks had formed on most parts of its surface and its nose had eroded. An increased 
porosity was also observed to have developed. The laser was tried as an alternative 
cleaning technique because of the badly deteriorating condition of the sculpture and the 
problems that conventional cleaning methods would induce for instance, if air-abrasive 
had been used, it would have removed actual stone together with the crust. If, on the 
other hand, any water-based method had been used, water would have penetrated into 
the cracks and crevices of the stone and would have caused severe damage. Steam, 
which is the 'driest' water-based method, would have dislodged friable parts of the 
sculpture due to the high pressure applied on the surface and, although wetting would 
have been minimal, it wouldn't have been avoided. 
Thus, the head was subjected to Q-switched pulses at 1064 nm using the same 
experimental set-up as described above. Water was brushed onto the surface prior to 
irradiation as it had been shown to give better cleaning results. The repetition rate of 
the source was 6 Hz and the energy threshold on the sample for which material 
removal was observed was calculated to be approximately 0.1 J/cm2 (the energy 
threshold is the minimum value of energy density for which the desired results are 
observed). On the impact of the pulse on the surface, a cloud of visible vaporised 
material ejected. This caused plasma to form and also a shock pulse in the air which 
was audible as a snapping sound. The loudness of the sound seemed to depend on the 
amount of material removed. Therefore, when all the black crust was removed, the 
snapping sound was noticeably weaker. It was also noticed that the sound was 
different for Q-switched and fixed-Q radiation. The sound resulting from the former 
was of a higher frequency than that for the latter. The monitoring of the acoustic pulse 
may provide a means of controlling the cleaning process as suggested by Cooper et a! 
[3]. Pictures of the object before and after irradiation are included below. 
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Picture 3: Limestone head from Lincoln Cathedral. Condition before cleaning. Laser-
cleaning tests were carried out on the strips at its proper right. 
Picture 4: Limestone head form Lincoln Cathedral further cleaned with the laser. 
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Following the laser cleaning of the head other objects, also from Lincoln Cathedral, 
have been laser treated using the same configuration. Water had been brushed onto the 
surface prior to irradiation and the parameters of the process were the same as above. 
These objects included: 
• A decorative flower made from Ancaster limestone. The object was generally in 
sound condition. Most of it was covered with a hard dark sulphation layer (black 
washing) whose thickness reached some millimetres, particularly within crevices 
and undercuts of the form. Parts of it that were exposed to the rain were white 
washed. The flower was cleaned with the laser and the black sulphation crust 
was successfully removed without affecting the underlying stone. Water had 
been brushed on the surface before cleaning. The cleaned surface showed no 
signs of alteration due to the laser. In particular the tool marks on the object, left 
on the surface when it was originally carved, were visible after the dirt layer had 
been removed. The skin of the stone was intact and the surface texture was 
preserved. 
A colour difference between the areas that were not encrusted and the ones that 
were could be observed after the removal of the crust, the latter having a darker 
colour. This was due to discoloration of sheltered and rainwashed areas due to 
trapping of dirt molecules between the limestone crystals, minerals movement 
within the stone, etc. 
Photographs of the object after the cleaning are presented overleaf. The flower 
was intentionally left polluted in areas to show the difference between clean and 
polluted stone. 
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Picture 5: Decorative limestone flower from Lincoln Cathedral partially wet 
laser-cleaned. The tool marks on the object originating from when it was carved 
are clearly visible. 
Picture 6: Decorative limestone flower from Lincoln Cathedral partially wet laser-
cleaned. Close-up of the boundary of polluted and laser-cleaned areas. 
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• Two other limestone ornaments from Lincoln Cathedral which had been 
detached from their position in the cathedral. Before treatment they were 
covered with a dark sulphation crust of thickness ranging from 0.1-1 mm. The 
encrustation was successfully removed with short pulses at 1064 nm and the 
underlying stone was not adversely affected by the process. Water was brushed 
onto the surface before cleaning. The colour difference between formerly 
encrusted and exposed areas of the stone was attributed to discoloration caused 
by processes triggered by both the presence of the impervious crust at the 
sulphated areas and the rain washout where rain had reached. Photographs of the 
two objects after they had been cleaned with the laser are presented below. 
Picture 7: Polluted limestone ornament from Lincoln Cathedral partially wet laser-
cleaned. 
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Picture 8: Polluted limestone ornament from Lincoln Cathedral partially wet laser-
cleaned. Close-up of Picture 7. 
Picture 9: Polluted limestone ornament from Lincoln Cathedral partially wet laser-
cleaned. Discoloration offormerly encrusted area is clearly visible. 
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Picture 10: Polluted limestone ornament from Lincoln Cathedral partially wet laser-
cleaned. Close-up of Picture 9. 
Although the set-up for the cleaning of sculpture gave excellent results - the removal 
of the dirt crust was controlled, the stone was not physically altered, no post-treatment 
damage was caused etc. - it was only applicable for small objects that could be handled 
manually, and was impractical as a portable cleaning apparatus. The laser used until 
this time was an early design: it was bulky and gave a low energy output. It was 
apparent that the need for the development of a practical and user-friendly cleaning 
system was required that could be used by conservators for artefacts in workshops and 
conservation sites. As a first step for the realisation of this purpose, it was felt that the 
interaction of laser light and matter, and hence the physical mechanisms responsible for 
the crust removal, should be understood. 
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3.3 Laser Interactions with Matter 
Studies of the effects due to absorption of laser radiation have been realised since the 
early 1960's, when the laser was still a new invention. In reference [4] the different 
results occuning from the absorption of fixed-Q and Q-switched pulses at opaque 
surfaces were investigated. It was shown that the heat transfer and vaporisation 
produced by a Q-switched laser proceeded differently from that produced by ordinary 
pulses and models for each operating mode were presented. 
For long laser pulses conventional thermodynamics methods were employed describing 
heat conduction in a semi-infinite solid. Heat was assumed to be conducted in the 
material until the latter reached vaporisation temperature T v and vaporisation started. 
The vapour was removed and the surface, initially at x = 0, moved inward and after 
time t was at position x = X(t). The process is described through the following 
equation: 
tY'T(x,t) 
Ox2 
1 iJI'(x,t) 
IC iJt 
with initial and boundary conditions: 
T(x,O)=O 
T(x,t)--'?0 as x-'?oo, t>O 
T(X.t)= TV 
x>X(O. t>O 
F(t)=-~~)+pL( ~t)). x=X(t), t>O 
where F(t) is the heat flux per unit area into the surface 
p is the density of the material and 
L is the latent heat of vaporisation per unit mass 
K is the thermal diffusivity 
K is the thermal conductivity 
The above non-linear equation implies that heat input equals the heat flow by 
conduction plus the rate of heat absorption by vaporisation, and at the time it had not 
been solved for general functions F(t). Approximate solutions could only be obtained 
with numerical methods and the author adopted one of them to calculate the variables 
of a specific problem. The results indicated that almost all the energy in the pulse was 
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used for material vaporisation. No large losses by reflection or conduction of the heat, 
or by absorption in the plume of vaporised material took place and visual observations 
of the experiment did not indicate the ejection of unvaporised globules, propelled by 
vaporised material. The model derived from the above observations indicated that: 
The absorbed light is instantly converted to heat and there is enough power density in 
the laser pulse to raise the surface temperature to the vaporisation point in a time 
shorter than that of a pulse duration. At high temperatures, when vaporisation begins, 
the radiation is absorbed very efficiently with little reflection at a continually retreating 
vaporising surface. The time scale of the pulse is long enough to let the vaporised 
material leave the surface and move away. There is little absorption in the plume of 
vaporised material. This absorption would not be effective in vaporising further 
material, but would raise the ions in the plume to high energies. There is also little heat 
transfer outside the immediate vicinity of the hole. 
For Q-switched lasers, a different approach was adopted. The surface rises to 
vaporisation temperature and begins to vaporise. The material recoiling against the 
surface produces a high pressure, which raises the boiling point of the underlying 
material. This becomes saturated as more heat is conducted in the interior. Eventually, 
a critical point is reached where there is no distinction between the superheated spot 
and a highly condensed gas. Additional energy of the pulse increased the velocity of 
the ejecta and by comparing experimental results from Q-switched and fixed-Q pulses, 
it was obvious that longer pulses permitted heat to flow more into the interior of the 
target than short ones. Altogether, Q-switched interactions required further treatment. 
A more detailed study of the phenomena involved when laser radiation was absorbed 
at opaque surfaces was carried out later by the same author in his book 'Effects of 
High Power Laser Radiation' [5]. For his calculations Ready had assumed that the 
thermal properties of the absorbing material are independent of temperature, and 
although this is not really true, it is fairly acceptable, because changes are relatively 
small over wide temperature ranges. 
When a surface is irradiated by high power laser radiation, part of it is absorbed and 
the average temperature rise after time t is 
T(O,t)= 2;ff 
where F0 is the absorbed laser flux 
k is the surface diffusivity 
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K is the thermal conductivity 
However, the behaviour of surfaces is totally different when irradiated with long 
(millisecond range) or short (nanosecond range) pulses, while the spiking nature of the 
laser pulses also influence vaporisation. The cases of fixed-Q and Q-switched pulses 
are discussed separately. 
Normal Pulses (jixed-01 
Normally, long, lower power pulses (- ms) produce deep, narrow holes in the material, 
as opposed to high power short pulses that do not induce much vaporisation but 
instead, remove only a small amount of material from the surface. Vaporisation also 
depends on the spiking behaviour of the laser pulses. Each individual spike heats the 
surface causing vaporisation while between spikes the vaporisation ceases. 
Experimental· data also indicate that results concerning laser induced vaporisation are 
very dependent on the exact characteristics of the laser beam. 
Usually, materials with lower vaporisation temperatures have larger amounts of 
material removed. However, as energy is being supplied fast enough, very little is 
conducted away from the region where it was deposited and the dominant factor is the 
latent heat of vaporisation. At low flux densities the thermal conductivity is the 
dominating factor, as heat is mainly conducted in the interior and relatively small 
amounts of material vaporise. Although for typical metals the latent heat of fusion is 
much smaller than either the latent heat of vaporisation or the amount of heat required 
to raise the temperature to the boiling point and it would be expected that during 
vaporisation a liquid phase would be absent, experimental results indicate that much of 
the ejecta is in the liquid rather than the vaporised state. This may occur when 
vaporised material produces pressure in a hole that has just formed. Molten material 
from the walls of the hole may then be ejected because of the pressure, thus increasing 
the amount of material removed. 
In summary, vaporisation induced by normal (long) laser pulses can be considered as 
ordinary vaporisation at the normal boiling point of the material with continuous 
material removal of the vaporised material from the retreating surface. 
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Short Pulses {Q-switched) 
Short pulses can produce higher flux densities than normal pulses and different 
phenomena are thus involved in this regime. Here, vaporisation is influenced by the 
blow-off material which modifies the interaction with the surface. The ejecta exerts a 
high pressure on the surface, thus changing its vaporisation characteristics. It can also 
absorb laser light and shield the sample from the incoming radiation and lastly, as its 
temperature rises, it can produce an impulse reaction on the specimen. Typical depths 
vaporised tend to be much smaller than with normal pulses and this is due to the 
smaller amount of vaporised material. Molten and re solidified material is still ejected 
in the case of Q-switched pulses and settles around the created crater or flows away 
from the surface. 
According to one model about the involved processes during irradiation of a surface 
with short laser pulses, when a Q-switched laser beam impinges on a surface, a small 
amount of blow-off material produced early in the laser pulse exerts some pressure on 
the sample surface. The boiling point is thus raised above the usual vaporisation 
temperature and the material continues to heat up with the absorption of further laser 
light. Eventually, the critical point is reached and vaporisation may occur. The fact that 
the blow-off material becomes hot, ionised and opaque is not taken into account and 
although there is reasonable agreement with experimental results, the validity of the 
model has not been tested over a wide range of laser flux densities. Experimental data 
contradicting the above theory and in particular indicating that no superheating of the 
surface occurs above normal vaporisation temperature has been obtained by [ 6]. 
Early in the pulse, a small amount of material is ejected. This can be further heated by 
absorption of the incoming laser radiation and become thermally ionised and opaque. 
The absorbing plasma shields the surface from the light and most of the laser energy is 
absorbed by material in front of the surface. Near the end of the pulse the blow-off 
material becomes so hot that it reradiates thermal energy. Some of this radiation may 
reach the surface and cause further vaporisation. 
Scruby and Drain [7] have studied temperature distributions of laser irradiated surfaces 
and the phenomena induced. Metals and non-metals are discussed separately. 
For non-metals the absorption coefficient y is relatively small and the radiation 
penetrates into the bulk of the material rather than being absorbed within a very thin 
metallic layer. When thermal conductivity is low (when the flow of heat away from 
where energy is absorbed is negligible during the time scale of the source) a one-
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dimensional model is applicable. The thermal diffusivity in non-metallic solids 
(ceramics and plastics) is typically in the range of 10·7-10-6 m2/s. Thus, for a Q-
switched pulse of 20 ns the thermal length is of the order of 0.1 J.tm and thermal 
conductivity effects may be neglected when 1/y >> 0.1 J.tm. (Optical penetration depths 
are much larger in most common insulators anyway. Optical penetration depth is the 
length where the flux density drops to lie of its initial value. A transparent material has 
a large penetration depth compared to its thickness). 
The temperature decays exponentially from a maximum at the surface, while its time 
dependence is the same as the energy in the pulse. The surface temperature rise 
becomes progressively higher with increasing absorption. 
To summarise, when a surface is irradiated by a laser, the surface temperature rises 
until the boiling point of the material is reached and some material is vaporised, ionised 
and a spark or plasma formed. With fixed-Q pulses, thermal conductivity into the 
material is the controlling factor. 
In 1987 Bass, Nassar and Swimm [2] studied the interaction of Nd:glass laser pulses 
with aluminium. In their paper they stated that when a high intensity laser pulse 
irradiates a solid a thin surface layer is heated to its vaporisation temperature and 
results in the ejection of material at a high speed. Due to the law of momentum 
conservation, the ejecta induces an impulse to the surface, which is related to the 
position of the beam-waist with respect to the specimen surface. Maximum removal 
occurred when the beam was focused below the sample's entrance surface, and much 
less when the focus was at the same distance outwards, although the beam intensity 
and diameter were identical for both positions. This indicated a dependence of the 
impulse coupling on the focusing conditions. The whole process of mass removal was 
thought to involve two or more mechanisms, vaporisation through direct heating by 
the laser beam, splashing of molten material through instabilities driven by the 
vaporisation and possibly secondary effects due to laser-produced plasmas. As the 
metallic ejecta was composed of both liquid and vapour with different velocities 
depending on the peak temperature at the sample surface, it was assumed that the heat 
of the beam deposited in a surface layer of thickness equal to the optical absorption lie 
depth diffused deeper into the sample. In the same time, the surface temperature fell 
due to evaporation, the decrease depending on the evaporation rate. When the pulse 
was over, the temperature profile continued to expand in the material and the 
temperature kept falling. Due to surface instabilities and laser beam irregularities, 
vaporisation was not homogeneous. Once evaporation was initiated due to instabilities, 
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the evaporation rate and the beam penetration into the sample increased exponentially 
with them. This resulted in channels production within the bulk through which high-
pressure-evaporated material ejected. Molten material surrounded these channels and 
was expelled by the high-pressure vapour, frictional forces being involved in this 
process. 
It should be noted that the above studies concerned laser and metal interactions and in 
general most of the research carried out concerned either metals or polymers, the 
former studied mainly for industrial applications and the latter for the study of the 
mechanism of ablation. As the structure of the targets is known and usually samples of 
standard dimensions are used, a theoretical approach and an understanding of the 
interaction are somewhat more feasible than for inhomogeneous bodies of variable 
composition and size such as dirt layers and stone. However, it was felt that the 
general principles could be applied to these objects as well and, even if a detailed 
description of the mechanisms involved in the removal of black scabs from stone with 
short pulses at I 064 nm was not obtained, an approximate model was proposed. This 
was based on experimental observations realised in the laboratory and studies on 
material removal from surfaces using laser light and laser ablation of polymers. 
Agreement between the model and our results was favourable. 
3.4 Studies on Ablation 
Brunco, Thomson, Otis and Goodwin [8] have described in their paper the two 
physical mechanisms of ablation, the photochemical and the photo thermal. According 
to the photochemical mechanism, the absorption of photons by electrons results in the 
immediate dissociation of a chemical bond, which leads to molecular dissociation and 
etching. In the photo thermal model, the absorption of photon energy results in local 
heating of the surface and molecular dissociation occurs at high temperatures by 
thermally induced decomposition. Although clean ablation was initially associated with 
UV laser radiation, it can happen with any strongly absorbing wavelength. The main 
difference between the two mechanisms is whether incident photons are converted to 
heat prior to dissociation or if they bypass the heating stage by directly inducing 
dissociation. 
Garrison and Srinivasan [9] have given microscopic models for the photochemical and 
photo thermal processes, the former resulting in clean etching of the material and no 
pit distortion, and the second in heating as well as etching, heat affected samples and a 
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broad angular distribution of the ejecta. Usually, clean etching was connected with UV 
light, but the precise wavelengths which are appropriate for each regime are not 
known. In order to understand the two processes, they examined the interaction of 
laser light with organic materials. The absorption of UV radiation by organic materials 
involves an electronic transition to a higher state which may either lead to bond 
dissociation and chemical reaction or to the ending of the electron in the ground state, 
where most of the photon energy is converted to heat and no reaction takes place. So, 
when a UV photon is absorbed, it either dissociates the bond or the energy is deposited 
as heat. In visible and IRradiation, there is not sufficient energy in one photon to break 
the bond and the absorption leads to excitation of the vibrational modes of the 
molecule, which is basically a heating process. If a sufficient number of photons is 
absorbed, dissociation may be initiated but the sample will be affected by heat diffusion 
and melting. The two main questions to be answered are: 
i) The explanation of the material ablation after the photochemical bond 
breakage 
ii) The reason for clean etching in the photochemical and thermal damage 
in the photo thermal regime. 
Each process is discussed separately. 
Photochemical model: When laser light irradiates the surface, some molecules are 
excited to a repulsive state thus producing a change in the volume they occupy and 
'exploding'. Initially, the velocity of all particles is zero, but as they are at high density 
they gain kinetic energy with time and the reacted material ablates layer by layer 
without melting the remainder of the sample being within 30° of the surface normal. It 
is assumed that there is a repulsive interaction among the reacted molecules and 
between them and the remaining sample and eventually all the reacted species will 
ablate. As long as the excitation energy is greater than the bond energy there is 
photochemical ablation and minimal melting. 
Photo thermal model: For laser energies corresponding to energies less than the 
chemical bonds, the photon energy excites vibrations within the molecule, i.e., it heats 
it. Therefore, the ablation of the molecules corresponds to an evaporation rather than a 
volume expansion and several photons should be absorbed in one bond in order to 
break it. During that time, other regions of the sample are heated up and probably 
melted. To model the process it is assumed that laser radiation is already absorbed. 
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The central region of the irradiated area is vibrationally excited but dissociation has not 
yet occurred and the velocity vector of each molecule is randomly oriented. Initially, 
each molecule has enough energy to escape the solid, but not all velocity vectors are 
oriented outwards. There is also a time delay between the ejection of the first layer of 
molecules and when those in the deeper layers reach the surface. During that time, 
collisions between the irradiated units and the solid occur and energy is transferred to 
the solid. Some of the energised molecules may lose sufficient energy so as not to 
ablate and some of the irradiated ones cannot escape their attraction to the solid and 
end up migrating along the surface. The angular distribution of the ablated material in 
the thermal regime is very broad and the energy of the ejecta strongly depends on the 
distribution of the initial energies absorbed by the molecules. Also, fragments from the 
second and third layers eject while some from the first layer did not. So, the remaining 
sample is distorted and melted. 
Srinivasan and Braren [1 0] in their paper on UV laser ablation of organic polymers 
have also proposed mechanisms responsible for UV laser ablation. The main reaction 
paths can be understood by referring to an energy diagram as depicted in Figure 3. 
Interalomic DisCI nee 
Figure 3: Energy level diagram for hypothetical bond A-B. The lower broken line 
represents the ground electronic state; the upper broken line and the solid line 
represent excited states. 
When a target is irradiated by laser light in the UV region, the photon absorption 
results in electronic excitation (path a). If decomposition occurs at that state, then this 
is a purely photochemical reaction. If on the other hand the excited molecule 
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undergoes internal inversion (path b) to a vibrationally excited ground state, this can be 
considered equivalent to a thermal process, as the photons merely act as a source of 
thermal energy. Along either pathway the products can be the same and any excessive 
energy (over the amount needed to break the bonds) will remain in the products and be 
dissipated in the ablated fragments. For the construction of the reaction pathway 
knowledge of the chemistry of the ablated products is necessary. 
It should be noted that the above study concerned polymers, but it was felt that the 
mechanisms of the two ablation regimes were applicable for other materials as well. 
Tarn, Leung, Zapka and Ziemlich [ 11] have carried out research on laser removal 
techniques of surface particulates of sizes as small as 0.1 Jlm. Traditional cleaning 
methods based on dissolution, chemical reaction or mechanical forces acting on two 
particles had proved ineffective, possibly contaminating and damaging, and as an 
alternative two different types of laser cleaning had recently been introduced, dry and 
steam laser cleaning, the latter involving the presence of a thin liquid coating on the 
contaminated surface. The study carried out involved short pulsed (- 16 ns) laser 
irradiation of surfaces with or without the presence of a thin liquid film. Various 
wavelengths have been investigated so that absorption occurred at the sample surface, 
or in the liquid, or in the particulate, or in a combination of these and a model has 
been given for the particle removal mechanism. 
In dry laser cleaning the laser wavelength was chosen to be absorbed by either the 
substrate or the particulate. In the first case, the substrate surface suddenly expanded, 
and although the amplitude of this expansion need not be big, the time scale was of the 
order of 10·8 s, thus resulting in a strong acceleration and ejection of the particles from 
the surface. When the laser wavelength was strongly absorbed by the particulates, the 
latter would also be accelerated and removed, but this technique was useful only for 
the removal of specific particles (strongly absorbing) on specific substrate (weakly 
absorbing). In steam laser cleaning a thin liquid film was preapplied on the surface and 
its fast ablation resulted in the production of large transient forces that overcame the 
surface-particle adhesions. The ablation of the liquid film can in general be caused by 
substrate heating only, liquid heating only or both substrate and liquid heating. When 
the liquid film absorbs strongly, the peak temperatures are reached at the top liquid 
surface. If evaporation occurs when the peak temperature approaches the critical 
temperature of the liquid, it will occur at the liquid surface and the produced transient 
pressures will not be very effective in separating particles from the substrate. When the 
laser wavelength is partly absorbed by both the surface and by the liquid film, 
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contaminating particles can be removed, but the cleaning efficiency is not very good as 
there is not an 'energy concentration' at the particles-surface interface to initiate 
explosive evaporation, which does not necessarily occur at the interface where 
particles adhere to the surface. The best results were taken in the case of strongly 
absorbing substrate. When the pulse impinged on the surface which was covered with a 
liquid film, superheating and explosive evaporation initiated at the liquid-surface 
interface and removed the contaminating particles. The energy threshold for this to 
happen was lower and the induced pressures were higher, i.e. more efficient. A variety 
of liquids had been tested and the best type was mainly composed of water (with 20% 
alcohol to improve wetting) and produced high transient pressures due to the high 
superheating prior to sudden boiling. When the particles ejected from the surface a jet 
of smoke composed of water droplets and particles formed. This also caused a shock 
pulse in the air audible as a snapping sound. 
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3.5 Further Experimental Work 
The encouraging results obtained from the cleaning of the objects mentioned in 3.2 
lead to the need for development of a practical cleaning system for stone artefacts 
using a laser. The laser was a pulsed Nd:YAG manufactured by Spectron (SL282) and 
was much more rugged and flexible than the previous one used. The machine could 
operate in both Q-switched and fixed-Q modes. The beam was multimode and 
horizontally polarised. The repetition rate ranged from 0.1-10 Hz and its maximum 
voltage output (which corresponded to an energy output of- 320 mJ) was 1300 Volts. 
Its minimum lasing voltage was approximately 900 Volts. Its operating characteristics 
under Q-switched conditions - as given in the laser handbook - are listed in the tables 
below: 
Wavelength Rep. Rate (Hz) Energy (mJ) Width (ns) Divergence 
(nm) (mrad) 
max. min. max. min. max. mm. 
1064 10 - !50 - 6 - 5 
1064 8 - 200 - 6 - 5 
1064 6 400 300 
-
6 - 5 
Table I: Operating characteristics of the Spectron Nd:YAG 
Voltage Readout Energy (mJ) at Different Rep. Rates (Hz) 
(Volts) 
6 8 10 
1300 320 - -
1290 300 
- -
1200 270 260 -
1100 210 210 200 
1080 
-
200 
-
1040 - - !50 
1000 130 130 130 
Table 2: Energy outputs for different settings of the laser 
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The laser consisted of a power supply unit (running off mains electricity) of 
approximate dimensions 0.6 m x 0.6 m x 0.6 m and a separate laser head 0.2 m x 0.2 
m x 0.6 m. Both the laser head and the power supply were water cooled. 
Before an adequate beam delivery system was fitted to the laser, further cleaning tests 
were carried out on the limestone head mentioned in 3.2. The following experimental 
set-up was used: 
Laser f=300 mm 
Figure 3: Experimental set-up for the laser cleaning of stone 
A tilted glass slide was positioned at the laser output aperture to prevent the 
deposition of ejected material and dust on the laser's optics. Air was blown on the 
object to remove all ejecta and prevent them from settling on the lens or being inhaled 
by the laser operator. The laser was operated in Q-switched mode, the repetition rate 
was 5 Hz and the output voltage 900 Volts. The energy threshold for crust removal 
was calculated to be approximately- 0.1 J/cm2• A thin layer of water was brushed on 
the surface prior to irradiation as it had been observed to give optimum results. 
Because the crust thickness was inhomogeneous, when thicker areas were 
encountered, the object was moved towards the focus, where the energy density was 
higher and the spot more localised, so that it didn't affect adjacent areas with thinner 
crust or already clean. Pictures 11 and 12 illustrate the object's condition after 
irradiation. 
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Picture 11: Limestone head from Lincoln Cathedral further wet laser-cleaned with the 
Spectron laser. 
Picture 12: Limestone head from Lincoln Cathedral further wet laser-cleaned with the 
Spectron laser. Close-up of picture 11. The preservation of the formerly encrusted 
surface texture is clearly visible. 
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The results were satisfYing and it was then attempted to develop and fit a flexible and 
enduring beam delivery system. At first, it was decided to use a fibre optic. A fused 
silica fibre coated with a polymer film and with a tapered and polished front end was 
selected. The reason of the taper was to avoid front end damage. However, rear end 
damage couldn't be eliminated. On the contrary, it was expected to occur at a lower 
threshold value than the front end due to: 
a) unpolished rear surface 
b) accumulated dirt (grease, dust, etc.) on the fibre exit face 
c) constructive interference of the incoming and reflected beam at the rear of the 
fibre (see appendix) 
Many tests were carried out before the actual fibre was fit. For a start, a fused silica 
rod with a polymer coating was tested in the following set-up with the J.K.Lasers 
Y AG to identity the damage threshold and whether this occurred first at the front or 
the rear rod end. The diameter of the sample was 1 mm and its front end was polished. 
Laser 
f=IOOmm 1 "10 cm 
Polished end 
Unpolished end 
Figure 4: Experimental set-up for damage threshold measurements 
The rod was positioned at approximately the focal point of the lens and was irradiated 
with approximately 50 shots at every voltage setting to test damage. The spot diameter 
at the focal point was "' 2/3 mm and the repetition rate was 1 Hz. The laser was 
operating in Q-switched mode giving a pulse length of"' 20 ns. It was observed that 
damage occurred sooner at the rear end of the fibre. The damage threshold for the rear 
end was approximately 5 J/cm2. But, actual energy density at surface causing damage 
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2 ' 
was"' 3.3 J/cm2 "' 5 x (-2-) . So, if incident energy density at the output exceeded 
n +I 
3.3 J/cm2 ("'26 mJ) breakdown and damage would be induced (damage was defined as 
the appearance of surface plasma). 
The fibre that was ordered had the following characteristics: 
Input core diameter: 
Input cladding diameter: 
Output core diameter: 
Output cladding diameter: 
Taper length: 
Pigtail length: 
Numerical aperture: 
Core material: 
Coating material: 
3.25±0.05mm 
3.40 ± 0.05 mm 
1.50 ± 0.05 mm 
1.60 ± 0.05 mm 
0.5m 
2.5m 
0.24 
High purity silica 
Two layer polymer 
The fibre pigtail could be curved in a radius not less than 40 times the pigtail radius. 
The taper itself should be kept straight, and if absolutely necessary could be curved in 
a radius not less than I 00 times the taper input radius. The numerical aperture of the 
fibre determined the maximum angle a,.. at which rays entering the fibre will be totally 
internally reflected and thus transmitted. For optimum results rays should enter the 
fibre and use the whole solid angle determined by amox: 
caddm 
Condition for total reflection: n1 >n1 
Figure 5: Cross section of a fibre 
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According to Snell's law: 
sina n . 1~ 
-:--::-::--::- = -' =:> sm a= -cos B 
sin ( 90 - B) n0 n0 
The maximum value that a can take, a'""', is thus determined by the minimum value 
that B can take, which is the critical angle Be for total internal reflection. 
In order to efficiently couple the beam into the fibre, consideration had to be given to 
all of the above, as well as to the characteristics of the laser beam itself. The beam spot 
of the laser to be used had a diameter of approximately 6 mm. As the input core 
diameter of the fibre was 3.25 ± 0.05 mm, the beam diameter had to be reduced to 2.6 
mm (or from 3 to 1.3 mm radius). 
3mm 
Figure 6: Schematic representation of the desired configuration for the beam coupling 
into the fibre 
For a lens with focal length/= 25 mm, 
3 1.3 1.3 
tan q~ =-=- =:> s = --
25 s tanq~ 
The lens-to-fibre distance is ( s+j ). 
where s: object distance 
4>: lens diameter, 
As .9 = sin-• _t 
2s' 
rp 3 3 N.A.=-=:>0.24=-=:> !=-= 12.5 mm 
2/ 2/ 0.24 
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Two solutions were suggested for launching the beam in the fibre: 
a) using a short focal length lens and positioning the fibre after the focus 
6mm ~: ~H'---lmm -=== 
b) using a reverse telescope to reduce and collimate the beam 
6mm 
The first configuration was preferred as when the beam entered the fibre diverging, a 
non-hot spots profile was achieved and most propagating modes of the fibre were thus 
used (excited). Also, the fibre being positioned after the beam waist, the damage 
threshold was higher. 
In order to increase the damage threshold of the fibre's input face, it was proposed to 
immerse it in distilled water, whose refractive index having a value between the fibre's 
and air's, resulted in a better matching. (less refraction occurred) The liquid would be 
'trapped' between the lens and the fibre and liquid tightness would be ensured with 0-
rings. However, characteristics of optical components change when in a medium other 
than air, because the refractive index of the medium changes. More specifically, when 
in a denser medium (i.e. with bigger refractive index),the focal length of a lens 
increases. A shorter focal length lens was thus required, but lenses with shorter focal 
lengths have smaller dimensions, and the diameter of the lens was not desired to be 
equal with the diameter of the beam, as this would maximise aberrations. Also, when 
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immersed in water, the maximum angle of the incoming rays changes as well according 
to the following formula: 
N A . N. A. . _1 N. A. . .= llStnamax => amax = -- :::::> amax =Sin --
11 n 
When n = 1.33 (for water), amax is reduced from= 13° to= 10°. Another characteristic 
that would be modified if air was substituted with water was the reflectance R of the 
beam at the rear lens surface, defined as the ratio of the reflected power (or flux) to the 
incident power: 
R=(n, -n,)2 
n, +n, 
So, for the interface of air and glass, n1 = 1, n1 = 1.5 and R = 0.04 or = 4%. For the 
interface of glass and water, n1 = 1.519, n1 = 1.333 and R = 4.25 · 10-3 or : 0.4%. 
However, in spite of the better refractive index matching when the lens and the fibre 
entrance face were interfaced with water, it should be considered whether breakdown 
in a liquid occurred more easily than breakdown in air and the results of this evaluated. 
Water, being more dense than air was expected to facilitate breakdown and plasma 
formation, but tests were necessary to establish it. 
Another problem that had to be overcome was that the beam did not exit the laser 
aperture from its centre. In order to establish this misalignment, a 'sandwich' consisting 
of a transparent sheet of polythene, a glass slide and a piece of developed photographic 
paper was pressed against the output aperture of the laser. The plastic sheet, which had 
a matt texture, was included to avoid back-reflections of the beam on the glass slide. 
The laser operated at fixed-Q mode to avoid ablation of the plastic. The photographic 
paper was not directly positioned at the laser output because the ejecta would 
accumulate on the laser output mirror and cause permanent damage. Before the 
'sandwich' was put in place, the aperture edge was outlined with a felt-tip pen, which 
was then 'copied' on the plastic when it was pressed against the aperture. It was 
apparent that the beam well out of centre and this characteristic should be taken into 
account and 'cancelled' in the design of the beam delivery system. For that purpose, a 
brass threaded fixture was designed to fit at the aperture of the laser in such a way that 
the beam was now centred related to the new tube. Additional threaded tubes would 
then position the lens, whose back side would be interfaced with water. 
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As for the rear surface of the fibre, the light emerging through it spread out and the 
beam had to be collimated and refocused with a lens. In order to collimate the beam, a 
converging lens could be positioned at a distance equal to the focal length from the 
fibre's exit face. After passing through the lens, the beam would be parallel. For 
collimating applications the numerical aperture of the lens should be selected to match 
the angular distribution of the emerging beam (which resembled water coming out 
from a pipe). However, this angle was unknown and a short focal length lens should be 
used in order to collect light from a wider angle than a long focal length one. Lastly, in 
order to increase the damage threshold at the rear surface, water would interface the 
fibre's exit and the collimating lens. 
Damage threshold tests concerning the beam launching into the fibre, indicated that the 
use of water instead of air did not eliminate breakdown. On the contrary, it occurred 
most (practically all) of the times that the laser was fired. Two configurations could be 
adopted to overcome this problem: 
a) use a longer focal length lens which gives (results in) a larger spot size and 
therefore a lower energy density over the focal region (spot size= 1. 44 · f ·A., 
d 
where f is the focal length of the lens, A. the wavelength and d the diameter of 
the beam.) 
b) use a two-lens system, with a converging and a diverging lens to direct the 
beam into the fibre slightly diverging. However, this configuration had not been 
mentioned in the bibliography as when the beam entered the fibre diverging, 
not all of the fibre's propagating modes were excited. The excitation of all the 
fibre's modes was not of our interest, though, and it was just desired to 
launch the maximum energy into it. If such a system was used, with a 
converging (f., > 0) and a diverging (f2 < 0) lens, their distance being d, the 
focal length of the system would be: 
_.!._=_.!._+_1 __ d_~ J= f.-fz 
f /,. fz f.- fz /,.+(/,.-d) 
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f..-/2<0 
with: f..> 0 
/2 <0 
If: 
If: f.. +(/2 -d)<O~ f.. <d-f.~ f..+ / 2 <d~ j>O 
The focal length of the system was desired to have a negative value, so in order to 
avoid breakdown d < 25 mm. Also, if d =f.. + / 2 , plane waves entering the compound 
lens from either side would emerge as plane waves. 
Tests were carried out to calculate the breakdown threshold in both air and water. For 
a lens with a focal length of 25 mm, Q-switched radiation caused breakdown at 950 
Volts (<50 mJ) and 1100 Volts (100 mJ) for water and air respectively. 
The converging lens had the following characteristics: d= 16 mm 
f..=25 mm 
n= 1.519 
If f.." was the modified focal length when water was used instead of air between the 
lens and the fibre: 
" 
.!!.... = .!!.._ ~ ~""= 33.25 mm f.. f.." Jl 
The focal length h could be geometrically calculated to be = 8 mm. However, a 
diverging lens with such a small focal length did not exist, as the minimum was f 2 = 40 
mm. Therefore, a new converging lens should be selected. Finally, the characteristics 
of the two lenses were: 
j 1 = 31.5 mm 
D=25 mm 
n= 1.519 
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f 2 =-40mm 
D= !Omm 
n = 1.519 
The diverging lens was completely damaged. a hole was drilled through it after the 
laser had operated for 1 hour at 5 Hz, the lens system being submerged in water. This 
might either be due to soiling of the lens or to lensing of the Y AG rod. The rod was 
externally cooled with water, but as the repetition rate increased, there was a 
temperature gradient that caused the rod to behave like a lens: slightly focusing the 
beam. 
Eventually, during many tests (carried out by M.I.Cooper) various difficulties were 
encountered concerning the launching and the exit of the beam into and from the fibre 
without damaging it. Combined with the fact that no coupling of Q-switched radiation 
at 1064 nm was mentioned in the existing bibliography, it was decided that optical 
fibres would not be the solution for the development of a the desired beam delivery 
system which was necessary for the practical application of lasers for the cleaning of 
the statuary. 
One other way for the delivery of the beam was through an articulated arm whose 
joints movement would offer access to every point in space. The arm itself would 
consist of tubes in which the beam would travel after being reflected on mirrors or 
prisms positioned at the correct angles within the joints. The advantages of such a 
method were its size, flexibility, stability, ease of use and minimum maintenance 
requirements. The arm was ordered and manufactured at Spectron Optics and was 
fitted in the Optoelectronics Laboratory with the help of the Physics Department 
Workshop, that constructed some necessary parts for its assembly. 
The arm itself was a multi-segmented tube, whose individual elements could be 
independently rotated thereby allowing three-dimensional movement of laser beam 
delivery. A schematic representation of the arm is included in figure 8 and the portable 
laser cleaning system is shown in picture 13. 
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Figure 8: Schematic represenation of the laser arm. 
Picture 13: Photograph of the developed portable laser cleaning system, including a 
Nd: Y AG laser and a flexible beam delivery arm. 
](18 
The arm was fitted on the laser head which was positioned vertically on a wheeled base 
(trolley) constructed in the University Workshop. A lens was fitted in the last bit of the 
arm to collimate and focus the beam. Its focal length was 200 mm. Six aluminium 
coated mirrors were fitted at the arm joints to reflect the beam. The reflectance of each 
mirror was approximately 94 % and on each side of the output focusing lens 4 % of 
the incident beam intensity was reflected. On its exit from the arm, the beam intensity 
had fallen down to "" 64 % of the initial value due to losses on the mirrors and 
reflection on the surfaces of the lens. Once developed, the system was applied on a 
variety of samples. The resulting surfaces were evaluated and compared with 
conventional cleaning techniques. Photographs of samples and objects demonstrating 
the differences between the methods are also included. 
The first object to be cleaned with the newly developed system was a limestone 
gargoyle (grotesque) from Lincoln Cathedral, partially covered with a thick black 
sulphation layer whose thickness ranged from several mm to 2 cm. The crust's surface 
was very and and all detailed relief of the unc1enymg 
Picture 14: Heavily encrusted limestone grotesque from Lincoln Cathedral. 
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Picture IS: Close-up of heavily encrusted limestone grotesque from Lincoln Cathedral. 
Proper left tooth is surrounded with thick crust. 
Water was applied prior to irradiation and a vacuum cleaner was used as an extractor. 
The laser settings varied from 1030 to 1200 volts and from 6 to 8 Hz. The fluence 
threshold for crust removal was approximately 0.1 J/cm2 . The removal of the black 
layer was particularly slow due to the thickness of the crust. However, it was very 
controlled and the articulated arm offered great freedom of movement and flexibility. 
The cleaned surface had revealed its texture and had a darker colour than the area that 
was being rainwashed. Both the covered and uncovered stone seemed to be in good 
condition. Photographs of the object after treatment are shown below. 
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Picture I 6: Heavily encrusted grotesque from Lincoln Cathedral partially cleaned with 
the portable laser-arm system. Formerly lost detail of the object is now revealed and 
the surface texture of the revealed stone preserved 
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Picture I 7: Heavily encrusted limestone grotesque from Lincoln Cathedral partially 
wet laser-cleaned. Close-up of picture 16. 
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Picture 18: Heavily encrusted limestone grotesque from Lincoln Cathedral partially 
wet laser-cleaned. Thick encrustation formerly surrounding object's proper left tooth is 
now removed 
The results, although slow, were very satisfying. In a real situation, such a thick 
encrustation on stone would not have been entirely removed by a laser. Instead, most 
of it would have been cleaned with conventional mechanical methods (such as air 
abrasive) and the laser would only be applied at the final stages of cleaning. However, 
the successful use of this technique on the above object demonstrated its potential. 
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The next object to be cleaned was a blond limestone lion head from Lincoln Cathedral. 
Before treatment parts of it were covered with a black sulphation layer. Although at 
first sight the object seemed to be in sound condition, closer inspection indicated that 
the skin of the stone fell apart quite easily and that the underlying stone was friable and 
crumbly. As the thickness of the encrustation was small the laser seemed the most 
appropriate method for its removal without damaging the underlying stone. The 
cleaning rate was comparable with that of conventional techniques (such as air 
abrasives). The energy threshold for crust removal was approximately 0.1 J/cm2 and 
the laser settings were the same as for the cleaning of the grotesque. Water was 
applied on the crust prior to irradiation. Photographs of the head before and after 
treatment demonstrate the efficiency of the method. The revealed stone had retained its 
relief and preserved the patina and, despite its brittleness, was undisturbed. The 
cleaning operation was also very selective. Photographs of the object after irradiation 
are shown below: 
Picture 19: Sulphated limestone lion head from Lincoln Cathedral partially wet laser-
cleaned. A discoloration of the formerly encrusted stone is visible. 
113 
Picture 20: Sulphated limestone lion head from Lincoln Cathedral partially wet laser-
cleaned. Close-up of picture 19. Surface texture was undisturbed by the laser, but 
stone is not sound. 
Various other samples had also been treated with the laser and photographed before 
and after cleaning, demonstrating the effectiveness of the technique: 
• A piece of yellow sandstone from the 15th century Rosslyn Chapel in 
Edinburgh. The sample was covered with cement and lime in the early 20th 
Century following a trend applied by conservators at the time. The stone was 
consolidated with paraloyd B 72, an acrylic resin, using toluene as a solvent 
(which has a slower evaporation rate than acetone offering deeper penetration). 
This was found to be necessary due to the friability of the stone. The laser 
settings were I 000-1100 volts and 3-6 Hz. The fluence threshold for cement 
removal was not calculated. Water was applied to the surface prior to irradiation 
and seemed to enhance removal. The encrustation was removed and a strong 
toluene odour was released. The stone crystals seemed intact after cleaning. A 
slight discoloration of the cleaned area was observed (lighter colour), but this 
was only due to the fact that the consolidated (hence cement covered) part of the 
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stone had slightly darkened. No melting of the crystals was visible under 
inspection with an optical microscope. 
The successful application of laser removal of cement from artefacts could offer 
a unique tool for their recovery. Conventional treatment would involve removal 
of the hardened layer with mechanical means (e.g. scalpel). However, control 
over the cleaning depth would be minimal; actual stone would be removed along 
with the artificial layer and detailed relief might be lost. If air abrasive had been 
used the hardness of the cemented layer would require very hard particles which 
would also abrade the underlying stone. Apart from that all the disadvantages of 
the use of air abrasives would be included (special uniforms and extractors, 
removal of the remaining particles and dust etc.) Water based methods should be 
excluded due to the porous texture of the stone. 
The sample was examined and photographed under an optical microscope at a 
magnification of,. x 23. Photographs ofthe piece of stone covered with cement, 
and photomicrographs of the cement and the boundary of covered and laser-
cleaned areas are shown below. 
.. ~· tse:eadr ;t;- -
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Picture 21: Piece of yellow sandstone from the 15th century Rosslyn chapel covered 
with cement in the early 20th century. 
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Picture 22: Photomicrograph of the cement covering the piece of yellow sandstone 
from Rosslyn. 
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Picture 23: Photomicrograph of the boundary between cement covered and wet laser-
cleaned sandstone sample from Rosslyn Chapel. No alteration of the revealed 
surface due to the laser pulse was observed. 
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• A red sandstone sample covered with cement and probably lime. The laser 
settings ranged from 1000-1100 volts and the repetition rate was 6 Hz. The 
fluence threshold for encrustation was not calculated. The encrustation was 
removed and the removal was definitely enhanced when water was applied prior 
to irradiation. A slight discoloration of the stone was observed. However, it was 
not established if pigment had actually been removed by a laser pulse or if the 
discoloration was only due to a fine white remaining cement layer. For 
comparative reasons, when a small area was cleaned under the microscope the 
colour of the previously covered stone was the same as with the laser cleaned 
one. However, a slight difference in texture was obtained with the two methods. 
• Florence Nightingale Bust. The laser was set at 1000 volts and the rep rate was 
6 Hz. When the pulse impinged on the surface, it left a greyish spot on the paint 
layers, which was then removed by the following pulses together with the first 
three paint layers. Surface alteration was visible; the irradiated area looked 
sandblasted and fine craters were observed under the microscope. When water 
was applied prior to irradiation the first three layers were removed, and in some 
areas the fourth one as well. Surface alteration was not avoided. 
Another strip was irradiated at 1000 volts and 2 Hz. The removal was slower but 
still not enough control over the cleaning action was achieved and surface 
alteration was not avoided. However, a detailed study was not carried out and 
further experimentation is required to see if the remaining layers could be 
selectively removed. 
The above unsatisfactory results may be connected with the nature, colour and 
composition of the top layers, and a success of selectively removing the desired 
number of paint layers with the laser should not be excluded. If the Y AG proved 
to be inadequate for such applications, other wavelengths could be tried. 
• Bust of a woman (height 39 cm), borrowed from the Walker Art Gallery. The bust 
was acquired from the Mayer Collection at Bebington, where it was very badly 
stored in a top attic. It was not known whether it had been kept outdoors in the 
past; its condition indicated that, most likely, it had always been kept indoors. The 
artist was unknown. However, most of the sculpture acquired from that collection 
was made by Fontana, who lived in the mid 19th century, and it was possible that 
Fontana had made this particular bust as well. The object was made of finely 
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grained white marble and was carved in the neo-classical style that was fashionable 
at the time. 
Initially, it was very dirty and had become grey from the accumulated dirt and dust. 
The soiling layer was very thin, but had adhered to the object's surface and could 
not be dusted off or wiped off with wet cotton-wool swabs , unless persistently 
rubbed. The stone was in sound condition apart from some bits that had chipped 
off the figure's head due to careless storage and handling in the past. The only 
required treatment for the restoration of the object was its cleaning. Conventional 
techniques would include steam cleaning or mild chemicals (e.g., synperonic). Air-
abrasive was excluded because it was not necessary (the dirt layer was very thin 
and not hard) and it would affect the smoothness of its surface. The laser was tried 
for the removal of the dirt. Water was applied on the bust's surface prior to 
irradiation as it was shown to enhance cleaning. The object was only partially 
cleaned for comparative reasons. The settings of the laser and the cleaning 
parameters were not recorded, but were kept at the minimum values for which 
cleaning was obtained. The results were excellent and the speed of the process was 
very satisfYing as well, much faster than if the object had been cleaned with a mild 
soap for example. The bust was cleaned, but the patina was preserved and the 
colour of the stone after treatment was homogenous. The laser arm was very 
flexible and easy to use and offered great control over the cleaning action and 
depth, speed and did not alter or damage the stone, nor was expected to do so in 
the future, as part of post-treatment effects encountered in other techniques, thus 
allowing repeatability of the cleaning when required. Photographs of the object 
during and after cleaning with the laser-arm system are presented overleaf. 
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Picture 24: Marble bust being cleaned with the laser-arm system 
Picture 25: Marble bust after partial wet laser cleaning 
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Picture 26: Marble bust after wet laser cleaning, close-up showing detail from the 
girl's head. Patina has been preserved and fine details have been undisturbed by the 
laser. 
• A white marble 19th century cherub. The artist was unknown. The statue was 
found in a cemetery and was covered in organic growth, and dirt trapped in it. The 
stone itself was very sugary, and when revealed had lost its smoothness and looked 
'hammered'. Conventional ways of organic growth removal would include 
chemicals, mechanical and steam cleaning. The use of chemicals would involve the 
usual problems of uncontrollable penetration and extent of cleaning, neutralisation 
and removal of residues as well as post-application reactions. Mechanical cleaning 
and steam would be very time consuming and of limited efficiency, failing to 
guarantee the preservation of the underlying stone. In addition, they could not 
protect the stone against future development of organic growth layers, whose 
effects are not only aesthetic, but essential in what concerns the structural 
soundness of the stone (water retention, substrate for accumulation of dirt and 
foreign matter, penetrating threaded roots, possible acid production etc.). Air-
abrasive would not be an adequate solution for this case because the organic 
growth layer is very soft and the abrasive particles tend to 'bounce' on it. However, 
it should be noted that before adopting any treatment, detailed micro biological 
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tests on both the germs and stone are required, as well as post-treatment tests to 
establish the efficiency of the method. 
Parts of the cherub on its proper right side were dry laser cleaned (no water was 
applied prior to irradiation). The laser settings and cleaning parameters were not 
recorded, but were kept at the minimum values for which removal was observed. 
The results were very encouraging as can be seen in the photographs below. The 
green layer was removed thus revealing the underlying stone without damaging it 
and without affecting the patina (see Picture 27). However, detailed tests were 
required in order to evaluate the efficiency of the method and to investigate 
whether the laser can sterilise the stone (through the high temperatures involved) 
while cleaning them. Conventional sterilisation in conservation usually includes 
overall heating with infra-red lamps or use of ultra-violet lamps, as well as 
chemicals. the problems associated with these methods are mainly temperature 
fluctuation, lack of selectivity, limited efficiency and all the inherent disadvantages 
of the use of chemicals. 
Picture 27: Detail from a 19th century marble cherub covered with organic growth 
and dirt partially laser cleaned. Bigger patch was moderately irradiated, smaller 
cleaned strip at the leg joint was further irradiated and the patina was removed. 
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• Dagger from the Death of Virginia. This was a wooden dagger of uncertain 
origin covered with a preparation layer and then guilded and/or gold painted. It 
was then overpainted with a beige paint to match the colour of the stone. This 
paint layer needed to be removed and for that reason tests with chemicals had 
been carried out on strips on the object and the laser was tried as well. It was 
attempted to remove the beige paint without damaging the gold layer. The laser 
was operated at 1000 volts and 2 Hz and no water was applied prior to 
irradiation. The fluence threshold for paint removal was not measured. A grey 
spot appeared on the paint with the impact of the first laser pulse. This was 
removed with subsequent pulses, but the gold layer was also affected and it was 
decided not to use this method for the restoration of the object. 
• A small wooden polychrome of unknown origin purchased in Latin America. It 
was roughly estimated that it was made in the latter half of the 19th Century. The 
statue had been overpainted and/or varnished and, apart from that, the brightness 
of the colours had been impaired from the dirt that had accumulated over the 
years. In parts, paint had peeled off. The wood itself had cracked and showed 
holes created by woodworm infestation. 
It was attempted to remove the dirt layers and the overpaints with the laser 
cleaning system. The settings were 100 Volts I 2 Hz and no water was used prior 
to irradiation for two reasons: 
a) If any of the paint layers was water soluble, irreparable damage would 
be caused if wetted 
b) Wood is very sensitive to water and humidity 
Although the dirt and top paint layers were removed and an impact spot was 
visible with the naked eye, under the microscope no impact spot was observed. 
Also no undesired coloured layer removal and no alteration of the revealed 
surface was detected. A certain tone difference was visible to the eye but not 
under the microscope and this might be due to varnish removal which slightly 
changed the colour tone. 
The results were quite encouraging and suggested the applicability of lasers in 
the cleaning and conservation of polychrome artefacts. Other wavelengths as 
well as application of adequate solvents could optimise the results. 
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• Samples from the wing of Liverpool's Eras (Appendix) were also irradiated. The 
metal was very porous and full of craters and was covered by an extremely thin 
dark grey/black layer which was mechanically removed with a scalpel revealing a 
lighter grey substance underneath. Conventional cleaning methods would include 
air abrasive or chemicals but the relief might be damaged and the metallic pores 
blocked. Chemicals (e.g. acetic acid would be very difficult to neutralise, to 
remove the solution and its residues). Also, as with all chemicals, penetration 
depth and cleaning extent would be uncontrollable. The condition of the statue 
before treatment is clearly illustrated in the pictures below. 
Picture 28: Liverpool Eros, condition before treatment. Stored at the current 
workshop of Sculpture Conservation of the NMGM. 
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Picture 29: Liverpool Eros before treatment, close-up. 
The laser initially operated at 950 volts and 3 Hz and no water was applied prior 
to irradiation. The laser fluence was not calculated but no. material removal was 
observed for these settings. The voltage and the rep rate were then set at 1000 
volts and 4 Hz and the laser fluence was approximately 0.3 J/cm2. The whole 
surface was initially covered by a dark layer which was completely removed after 
five shots revealing a slightly metallic grey surface. When examined under the 
microscope, (magnification x 90), the untreated surface looked full of salts, 
organic growth and the colour was brownish/green. Where it had been cleaned, 
shiny metal was revealed, (looking grey to the naked eye). At places it looked 
more shiny, with a hammered texture, and this might be due to melting and re 
solidification caused by the laser or to a previous surface treatment or natural 
alteration or indeed may have been its natural state. This was hard to confirm as 
there were no records as to its initial surface appearance. The revealed metal was 
very soft and could be easily scratched with a metal edge. A scalpel was used to 
observe the dirt layers under the microscope. A very interesting feature was 
waxlike white layer. It was very soft and malleable, peelable with a scalpel and 
had the texture of wax. On the irradiated part some bits of dirt had remained on 
the surface, but looked loosely adhered to it. Altogether the results were 
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encouraging although further study is required to quantifY the process. A 
photomicrograph of the boundary between dirty and dry laser-cleaned areas is 
shown below. 
Picture 30: Sample from the Liverpool Eros viewed under the microscope. 
Boundary of dirty (darker) and dry laser-cleaned areas. Laser treated area does 
not seem disturbed. 
• Sulphated sample from the Huskisson Memorial. The sample was fixed in a layer 
of quick-set resin to act as a stable base. The top of the sample was sanded down 
to provide a level mesa so that under the microscope a plane comprising the bulk 
of the sample and a cross section of the encrustation could be seen. For this 
purpose carborundum paper was used of increasing fineness up to 1200 Mesh. 
No water was used during the polishing procedure so as not to disturb the salt 
layers of the stone. The marble crystals were actually transparent but appeared 
white due to internal reflection. Some of the crystals were scratched because of 
the sanding and as the stone was very friable they detached very easily from one 
another. Between the calcite crystals a fine white powder and fine crystal 
fragments produced by the sanding was observed. The origin of the powder was 
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not identified as it could be cementing medium or residues from the polishing 
process. On the particular sample the black sulphation layer looked quite 
restricted on the top surface of the crystals and not diffused in the bulk material. 
Between the last layer of crystals and the black sulphation there seemed to be an 
intermediate white layer consisting of fine white crystals and/or powder and had 
a salt like appearance. When closely looked at under the microscope this layer 
seemed to consist of two different layers of salt immediately under the 
sulphation, a layer consisting of very fine crystals rather transparent and 'packed' 
(wet salt-like) was observed. Underneath, a yellower coarser layer that seemed 
to embed the underlying crystals was distinguishable. The presence of two layers 
(thought to be calcium sulphate) was due to the fact that the transformation of 
calcium carbonate to calcium sulphate involves transition phases and is not 
quantised. The formed zones were not discrete but blended and the colour 
difference between them may be due to this transition (which is connected with 
minerals movement within the stone and chemical reactions of the crystals with 
the environment). In some areas the two layers seemed to change positions. A 
method for identifYing such salts is by using stains. 
The laser was used to remove the black sulphation layer from the Huskisson 
marble. The laser settings were I 000 volts, 4 Hz and the beam diameter on the 
surface was "' 4 mm. Before the irradiation of the sample water was applied to 
the surface. On most of the cleaned area the sulphation and the fist salt layer 
were removed . The first salt layer was clearly visible at the boundaries of the 
clean and sulphated areas. The marble crystals were distinguishable under the 
second yellow layer. Some of them were revealed through it and were in perfect 
condition. No thermal alteration of the calcite or the covering salt was detected. 
The marble crystals had conserved their surface sheen and retained their position. 
With the naked eye the cleaned area looked yellowish (patinated) keeping all 
relief without getting to the sugary underlying stone. It should be noted however 
that if a total removal of the salty layer was desired the results would have been 
equally as good and controlled. It was also attempted to remove the salt layers 
with a brush but this hasn't been possible. All dirt particles had been removed 
from the irradiated area (Picture 31 ). 
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Picture 3 I: Sample from the Huskisson Memorial partially wet laser-cleaned. 
In order to compare conventional cleaning techniques and lasers in removing the 
sulphation from polluted marble, a strip of black encrustation was preserved by 
the laser cleaned area and a small area next to it was cleaned with air abrasive. 
The laser cleaned and sulphated parts were masked with aluminium tape so as 
not to be affected by the air abrasive. The powder was aluminium oxide (AI20 3) 
and the particles diameter was I 7 J.tm. The nozzle aperture diameter was 
approximately I mm. The settings of the air abrasive device (which is mainly an 
air compressor carrying the abrading powder) were the minimum possible. More 
specifically, the backing air pressure was one bar, the powder feeding rate which 
ranged from I to I 0 was I and the nozzle to object distance was roughly I 0 cm. 
This distance represented the maximum nozzle-to-sample distance for particle 
removal. However, in spite of the care taken not to remove a thick layer of 
material, apart from the thick crust, the salt layers were also removed. The 
calcite crystals were visible to the naked eye and bits of sulphation still remained 
near the boundaries of the air abraded area. If it had been attempted to remove 
them, the central region would have been abraded as well. This is illustrated 
clearly in the following figure, where the abrading particles carried in a stream of 
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air can not differentiate between a and b, and selectively remove the dirt from 
different levels of the object's surface. 
! ~abrasive 
a 
object's surface 
b 
Figure 7: Schematic representation of air-abrasive action 
The procedure was very quick but totally uncontrollable. When the sample's 
section was viewed under the microscope (magnification x 90), even the crystals 
that were not directly abraded presented scratches, had lost their sheen and 
glossy texture and their surface had become dull - dotted, rather than linearly 
scratched (Picture 32). 
Picture 32: Air-abraded sample from the Huskisson Memorial (section). Even 
the crystals that were not directly abraded have lost their sheen and look dull. 
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In order to view the Huskisson sample under higher magnification and take some 
better quality photographs, the part of the sample that was laser cleaned I left 
dirty was cast in clear polyester resin and then sanded down and polished until a 
very level scratch-free cross-section was obtained. The polishing procedure was 
realised without lubricants so as not to disturb the salt layers of the stone on 
carborundum sand paper whose grade ranged from I 00 - !2000 Mesh. When the 
sample was polished from both sides it was immersed in Alizarin solution which 
was recommended for the staining of calcium sulphate. The photographs taken 
with the microscope are shown below. The total magnification was x 64 and the 
illumination sources were either a halogen or a UV lamp, as stated. 
The salt layer was stained slightly pink, but its action was thought to be physical 
rather than chemical (see 2.2.3) The sulphation layer was clearly visible on the 
stone substrate, where both the calcite crystals and the cementing medium could 
be observed. The salt layer (CaS04) lies in between the sulphation and the stone. 
Pictures 33 and 34 depict a cross section of the sulphated part of the sample. 
Picture 33: Photomicrograph of a sample cross-section from the Huskisson 
Memorial embedded in clear polyester resin and polished on carborundum 
sandpaper. The dark sulphation layer is clearly visible on the marble crystals. 
Magnification x 64, UV light. 
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Picture 34: Photomicrograph of a sample cross-section from the Huskisson 
Memorial embedded in clear polyester resin and polished on carborundum 
sandpaper. The dark sulphation layer is clearly visible on the marble crystals. 
Magnification x 64. 
The deteriorated layer consisted of various particles embedded in an intimate 
mixture of gypsum and calcite crystals (see SEM photograph, Picture 35). The 
black colour of the crust was attributed to the carbon present. A flyash (particle 
with a smooth spherical surface) was also observed (see Picture 36, centre). This 
was believed to be of a carbonaceous nature, typically originating from coal 
combustion [12]. According to the above, such particles have a high sulphur 
content in the form of sulphates, sulphites and sulphur dioxide, absorbed on the 
surface and bounded to it in different ways and they act as important catalysts in 
the process of stone deterioration. Spherical particles of irregular surface, high 
porosity and irregular pore distribution can also be found in the deteriorated 
layer and are thought to originate from oil-fired power plants. Two particles of 
both types can be seen in the SEM photograph (Picture 3 7) that follows. 
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Picture 35: SEM photograph of polluted sample from the Huskisson Memorial. 
Characteristic bar-shaped gypsum crystals are visible . 
.•. 
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Picture 3 6: Photomicrograph of a cross-section of a sample from the Huskisson 
Memorial embedded in resin and polished on carborundum sandpaper. A flyash is 
visible at the centre. 
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Picture 37: SEM photograph ofsulphated sample from the Huskisson Memorial. 
Two spherical particles originating from oil-fired power plants (rough surface) 
and coal combustion can be observed. 
Picture 3 8 shows a cross section of the boundary of laser cleaned and polluted 
area. In the cleaned area the gypsum layer is preserved intact, demonstrating the 
great control in the cleaning action achieved with the laser. 
Other samples, again from the Huskisson memorial have been treated (cleaned) 
with steam and air abrasive and then photographed under an optical microscope. 
A photograph of a piece which was partially steam cleaned can be seen in 2.2.3. 
The shot is of the boundary between a dirty and steam cleaned area. It was 
observed that the boundary was not well defined as when laser cleaned, and that 
dirt still remained. When viewed under higher magnification, the areas that had 
retained sulphate patches seem to be of the following morphology: dirt hasn't 
been removed from the crests of the surface irregularities rather than it being 
trapped in crevices. This may be attributed to the fact that steam tends to swirl in 
confined volumes, thus enhancing its abrading effect. 
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Picture 38: Photomicrograph of a cross-section of a sample from the Huskisson 
Memorial cast in resin and polished. The photograph depicts the boundary 
between polluted and laser-cleaned areas. 
Our other Huskisson sample has been partially abraded. When viewed from the 
top the boundary of sulphation and cleaned area was characterised by the same 
lack of precision observed in the steam cleaned sample as opposed to the laser 
cleaned one. Part of the salts layer (CaS04) was removed and the cleaning action 
was not controllable. Additionally, the revealed calcite crystals which were 
exposed to the abrading action of the Al20 3 powder have been scratched and 
have lost their sheen. 
In order to demonstrate the precise control over the cleaning action obtained 
with the laser, another area of the sample was further laser treated and the 
difference between the two cleaned regions (moderately and further irradiated) 
can be seen in the photograph below (Picture 39). 
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Picture 39: Sample from the Huskisson Memorial. The sample has been 
moderately wet laser-cleaned /left dirty I deeper laser cleaned. The mildly 
treated area has preserved its patina, which has been removed from the strip that 
was irradiated more intensely. 
• Two thin slabs of sandstone. The samples were on loan from Professor Hinsch 
from the University ofO!denberg, Germany, in order to be laser cleaned with the 
proviso that the underlying stone remained completely undisturbed and 
unaltered. 
Sander Schilfsandstein: 90 x 45 (46) x 5 mm. 
Condition before treatment 
This was an unpolished finely grained sandstone of dark grey-beige colour (blond 
sandstone). One side was artificially polluted but no analyses were made to 
identify the polluting agents. The polluted surface was relatively smooth and had 
an almost black colour. When the clean surface was viewed under the 
microscope it consisted of crystals of different colours whose blending resulted 
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in the colour of the stone. Separate crystals were distinguishable, but the 
cementing medium was not directly visible. 
Treatment 
The sample was dry cleaned with the laser arm apparatus. The reason that water 
was not used prior to irradiation was to avoid any disturbance in the porosity and 
internal structure of the· stone due to the salts or minerals movement within the 
sample. In order to determine the parameters of the process, various tests were 
carried out and the minimum values for which cleaning was achieved were 
adopted: 
Voltage setting: 
Energy output: 
Spot size diameter: 
Rep. rate: 
Pulse duration: 
Energy density on target: 
Condition after treatment 
1150 Volts 
"'240 mJ 
6mm 
6Hz 
6 ns 
0.6 J/cm2 
The stone was adequately cleaned and had a darker and greyer colour than the 
original stone, although in some areas it looked lighter. The surface was smooth 
and uniform. When examined under the microscope, dirt was still visible in 
places, but no attempt was made to remove it for fear of disturbing the stone by 
ablating its surface. The overall darker appearance after cleaning was expected 
and was attributed to discoloration that frequently occurs on soiled stone and is 
related with the trapping of dirt particulates between the stone crystals, 
movement of minerals within the stone triggered by the presence of the crust etc. 
Discussion 
The surface texture of sandstone is much more granular and of a different nature 
than that of marble or limestone and the deteriorating mechanisms in the 
presence of a layer of dirt on the stone surface are different as well. The sample 
under study was artificially soiled and our knowledge on sandstone exposed to a 
polluted atmosphere and the mechanisms of the stone alteration could not be 
applied. Additionally, its colour being darker than the usual white and off-white 
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of calCareous stones, it had different absorption properties as related to the dark 
covering layer, and this influenced the laser action on removing the undesired 
crust. Better cleaning results would have been achieved if water had been 
brushed on the surface for the following reason: water would be indirectly heated 
by the laser pulse through the surface, and it would explosively evaporate acting 
as a localised stem-cleaner and enhancing trapped particulate removal. No 
impact spot of the laser pulse was visible on the surface after irradiation and no 
bleaching (pigment removal) of the stone was visible. 
Photographs of the sandstone slab before and after treatment are presented 
below. 
Picture 40: Schilfsandstein sample, clean side 
Picture 41: Scilfsandstein sample, polluted side 
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Picture 42: Schilfsandstein sample, dry laser-cleaned 
Schoenbucher sandstein: 92 x 45 (44) x 5 mm 
Condition before irradiation 
The sample was an unpolished coarsely grained white sandstone cut in a slab of 
the above dimensions. One side was artificially polluted, but the constituents of 
the dirt layer or the polluting method were unknown. the polluted surface was 
not very smooth, as it reproduced the relief of the original stone that was very 
rough, porous and irregular. When the clean side was viewed under the 
microscope, the crystals embedded in a white cementing medium were visible. 
Larger crystals of various colours were occasionally observed, but the overall 
colour was white or slightly off-white. 
Treatment 
The sample was dry cleaned with the laser arm apparatus. Water was not used so 
as not to disturb the porosity and internal structure of the stone, that can be 
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caused through salts or minerals movement within the stone. Before selecting the 
parameters for the cleaning, various settings were tested and the lowest for 
which dirt was removed were chosen: 
Voltage setting: 
Energy output: 
Spot size diameter: 
Rep. rate: 
Pulse duration: 
Energy density on target: 
Condition after irradiation 
1150 volts 
"'240 mJ 
6mm 
6Hz 
6 ns 
0.6 J/cm2 
The stone was not cleaned well. Although the dirt that was on the 'peaks' of the 
surface irregularities was removed, the bits that were in the valleys, pores and 
crevices remained there. The overall appearance of the surface after cleaning was 
that of a dark background (remaining dirt) with patches of white, where the dirt 
had been removed, but it was not attempted to get a cleaner surface (e.g., by 
increasing the voltage or bringing the object closer to the focal point of the 
system) for fear of affecting the stone. Water would have facilitated the removal 
of deeply ingrained dirt, but was not used for the reasons mentioned above. No 
impact spot was visible on the irradiated surface. 
Photographs of the sample before and after irradiation are shown below . 
. 
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Picture 43: Schoenbucher sample, clean side 
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Picture 44: Schoenbucher sample, polluted side 
Picture 45: Schoenbucher sample, dry laser-cleaned side, close-up showing the 
remaining.dirt trapped within the surface irregularities 
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The absorption spectra at various wavelengths of both samples, clean and 
polluted, and of their surfaces after irradiation were obtained with a Hitachi 
Double Beam Spectrophotometer U-2000 with an integrating sphere attachment 
(an integrating sphere is a device used for the measurement of reflectivity of 
diffuse reflectors). The values listed below represent the average values resulting 
from three or four spectra taken for each case. An error of"" 5 % was estimated 
to derive from the calculations and the device offset. Prior to taking the spectra, 
the device was calibrated with some standard coloured diffusely reflecting 
samples. 
Polluted Side Schilfsandstein 
A. (nm) R(%) A(%) 
193 70.83 ± 5% 29.17±5% 
248 24.6+5% 75.4 + 5% 
308 15.8 + 5% 84.2+ 5% 
1064 11.25 + 5% 88.75+5% 
Clean Side Schilfsandstein 
A. (nm) R(%) A(%) 
193 80+5% 20+5% 
248 41.6+5% 58.4 +5% 
308 27.5 +5% 72.5+5% 
1064 32.5 + 5% 67.5+5% 
Dry Laser Cleaned Schilfsandstein 
A. (nm) R(%) A(%) 
193 59.165 ± 5% 40.835 ±5% 
248 30.83 ±5% 69.17 + 5% 
308 19.58 ± 5% 80.42 +5% 
1064 24.16 + 5% 75.83 + 5% 
140 
Polluted Side Schoenbucher 
A. (run) R(%) A(%) 
193 69.57±5% 30.43 ± 5% 
248 33.3 + 5% 66.67+5% 
308 22.08±5% 77.91 + 5% 
1064 19.15±5% 80.85 + 5% 
Clean Side Schoenbucher 
A. (run) R(%) A(%) 
193 93.3 +5% 6.67+5% 
248 91.68 + 5% 9.32+5% 
308 59.99 + 5% 40+5% 
1064 66.65 ±5% 33.35 + 5% 
Dry Laser Cleaned Schoenbucher 
A. (nm) R(%) A(%) 
193 64.72±5% 35.28 + 5% 
248 23.31 ± 5% 76.69 + 5% 
308 15.27±5% 84.72+5% 
1064 28.88 + 5% 71.14 + 5% 
The above results clearly illustrate that the laser has not adequately cleaned the 
schoenbucher sample. At I 064 run, the polluted side of the stone absorbed "' 81 
% of the incident radiation, while the clean side absorbed "' 33 %. The laser 
cleaned side absorbed "' 71 % of the incident radiation, thus indicating that most 
of the soiling layer had not been removed; it is desired for the laser cleaned 
surface to have properties of similar value with the originally clean. More 
specifically, the absorptance of the cleaned area would ideally have a somewhat 
higher value than the unsoiled and was not expected to be equal due to the 
discoloration that occurs on encrusted stone and the preservation of the patina. 
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After the schilfsandstein sample was cleaned it reflected twice as much incident 
radiation at 1064 nm than when polluted: 24.16 % versus 11.25 % before 
cleaning. 
It should be noted that for the use of lasers in cleaning, the knowledge of the 
absorbing and reflecting properties of materials at various wavelengths is very 
important, and offers an indication for the most adequate frequency to be used. 
Ideally, the soiling crust should absorb a lot, and the clean substrate should be 
reflective to the incident wavelength. Having that in mind, research would 
identifY the A. for which the absorbing and reflecting properties of the crust and 
the substrate present the greatesfdifference. 
• A block of blond limestone sprayed with aerosol paint. In order to try the 
efficiency of the laser system in removing graffiti, a block of blond sand stone 
was sprayed using aerosol spray cans loaded with cellulose paint of different 
colours. For that ·reason, a mask cut out of paper was used so as to produce 
similar strips· of the following colours: blue, yellow-brown, silver and black. An 
effort was made to spray the same amount of paint for each colour. The paint 
was left to dry for 1 - 2 hours before attempting to remove it with the laser. The 
strips were only partially irradiated for comparative reasons. The parameters of 
the cleaning operation were not recorded, but were kept at the minimum values 
for which paint removal was observed. Photographs of the cleaned surfaces are 
shown below. 
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Picture 46: Blond limestone sprayed with cellulose paint and wet laser-cleaned. 
Black and silver painted strips. 
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Picture 47: Blond limestone sprayed with cellulose paint and wet laser-cleaned. 
Blue, yellow-brown and silver strips. 
The best results were taken for the black and brown strips, where practically all 
the paint was removed from the surface. A slight discoloration (darkening) of the 
stone was observed in the area that had been sprayed and laser cleaned and it 
was attributed to the penetration of the solvent within the stone causing a slight 
change in its refractive index. 
The silver paint was adequately cleaned, but areas of paint still remained on the 
surface. This could be attributed to various reasons such as: 
a) The surface texture that might have been rougher at the area where the 
silver paint was sprayed and a rougher and more porous surface is more difficult 
to clean than a smoother one, as paint penetrates and coats the various 
irregularities. 
b) Although it was tried to homogeneously irradiate the painted surfaces, as 
the scanning was manually controlled and no monitoring of the cleaning process 
took place, this was not guaranteed. More specifically, the parts with the 
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remaining paint might have been 'missed' during cleaning for the additional 
reason that the laser beam was invisible and silver paint on a lightly coloured 
substrate did not offer a high contrast to the eye. 
c) Silver paint is more reflecting (and therefore less absorbing) than the black 
or brown paints. 
The cleaned surface presented a more pronounced discoloration (darkening) 
which was attributed to the penetration of the solvent within the stone. The 
intensity of the discoloration might be due to the stone texture and the variation 
of the paint constituents and pigment in the different paint cans. 
The blue strip was not satisfactorily cleaned. Although the stone was revealed, a 
faint strip of blue still remained on the surface, and where the paint had 
penetrated the pores it was not removed at all. If only the reflectivity of each 
colour was into account, it was quite surprising that better results were taken for 
the brown and silver paints than for the darker blue strip. However, surface 
irregularities are an important factor, as well as the paint constituents and the 
nature of each pigment used for the various colours. 
Traditional cleaning would involve abrasive techniques and/or the use of 
chemicals, applied either directly on the stone or through packs and poultices. 
These methods, apart from being very time consuming, require special equipment 
for the conservators and are potentially hazardous. Repeated cleaning however, 
would result in etching, patchy appearance and possible structural damage due to 
reactions within the stone. Also, the extent of cleaning would be uncontrollable. 
The removal of cellulose paint with the developed laser system was encouraging, 
although further research is required in order to establish its applicability in this 
situation. 
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3.6 Understanding of the Mechanism of Laser Cleaning 
Based on the experience acquired during tests carried out with a Nd:YAG laser on 
various artefacts and stone samples, as well as on the existing bibliography concerning· 
lasers in conservation and laser ablation (see 1.4.1.4, 3.3 and 3.4) it was attempted to 
propose a model for the mechanism oflaser cleaning. 
Due to the collaboration with the Inorganics and Sculpture Conservation Division of 
the National Museums and Galleries on Merseyside who provided the majority of the 
objects and samples for the present study, research concentrated on the development 
of a practical, flexible and user-fiiendly tool for the removal of dark sulphation crusts 
from calcareous stone (such as marble and limestone) when the latter is exposed to 
polluted atmosphere. This being the target, lasers with various wavelengths were 
tested and the best results were achieved with a Q-switched Nd:YAG, that emits at 
1064 nm (near IR). It was decided to proceed with the construction of a system 
including the laser and a beam delivery arm and to mount them on a wheeled trolley 
that would allow greater freedom of movement. In the course of this development, the 
laser was also tried on various samples for the removal of other substances 
(polychrome wood, painted plaster, cement covered sandstone, graffiti, organic growth 
from marble etc.). Some of the tests were very successful, others were encouraging, 
while others unsatisfactory. However, the familiarisation with conventional 
conservation techniques and the numerous testings with the laser indicated the 
pathway of the involved processes. 
A combination of various physical properties was responsible for the selective removal 
of undesired substances from stone with the Q-switched Nd:YAG system. These 
included: 
a) Selective vaporisation of material through the heating induced by the absorption 
of the laser radiation. 
b) Thermoelastic stresses induced in the material by the laser pulse. 
c) Differential expansion of the irradiated area. 
d) Secondary effects due to laser-induced plasmas. 
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e) Enhancement of material ejection when water was brushed on the surface prior 
to irradiation, due to indirect heating of the water through the strongly absorbing and 
heated substrate and explosive evaporation of the water initiating at the liquid-surface 
interface and simulating a localised steam cleaner. 
More specifically: 
a) Due to the different absorption properties of the undesired layer(s) and the stone 
substrate associated with the colour and constituents of the materials, the black 
sulphation layer has a higher absorptivity at 1064 nm than the lightly coloured stone 
and this is clearly illustrated in the tables below. The values listed were calculated from 
the spectra obtained with a Hitachi Double Beam Spectrophotometer U-2000 with an 
integrating sphere attachment and they represent the average from 3 or 4 spectra taken 
for each sample. 
Polluted Red Sandstone 
A.(nm) R(%) A(%) 
193 43.3 ± 5% 56.7±5% 
248 26.25 ± 5% 73.75±5% 
308 16.67±5% 83.33 ± 5% 
1064 17.5±5% 82.5±5% 
Clean Red Sandstone 
A (nm) R(%) A(%) 
193 55±5% 45±5% 
248 50.415 + 5% 49.585 + 5% 
308 29.58 + 5% 70.42+ 5% 
1064 41.67±5% 58.33 ±5% 
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Polluted Blond Sandstone 
A. (run) R(%) A(%) 
193 46.73 ±5% 53.27+5% 
248 27.51 ±5% 72.49 ± 5% 
308 17.75±5% 82.24 ± 5% 
1064 9.17±5% 90.83 ± 5% 
Clean Blond Sandstone 
A. (run) R(%) A(%) 
193 41.25 + 5% 58.75 ± 5% 
248 41.67±5% 58.33 ± 5% 
308 27.5 ±5% 72.5±5% 
1064 51.67+5% 48.33 + 5% 
Lichen on Limestone 
A. (nm) R(%) A(%) 
193 45.83 ± 5% 54.17± 5% 
248 26.66 + 5% 73.34 ± 5% 
308 18.03±5% 81.97+5% 
1064 58.33 ±5% 41.67±5% 
Dirty Limestone (nose of the head mentioned in 3.2) 
A. (run) R(%) A(%) 
193 60+5% 40+5% 
248 25+5% 75+5% 
308 16.67±5% 83.33 ±5% 
1064 10.83+5% 89.17+5% 
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Clean Limestone 
A. (nm) R(%) A(%) 
193 82.495 + 5% 17.505 +5% 
248 74.44±5% 25.56+5% 
308 45.835 + 5% 54.165 ±5% 
1064 62.495 ± 5% 37.505 +5% 
Clean White Marble (smooth surface) 
A. (nm) R(%) A(%) 
193 71.65 ± 5% 28.35 ±5% 
248 77.48 ± 5% 22.52±5% 
308 77.48 ± 5% 22.52 ± 5% 
1064 74.75±5% 25.25 ± 5% 
Polluted Sample from the Huskisson Memorial 
A. (nm) R(%) A(%) 
193 37.915 ± 5% 62.085 ± 5% 
248 15.415 ± 5% 84.585 ± 5% 
308 10±5% 90±5% 
1064 5.83 ± 5% 94.17± 5% 
Laser-cleaned Sample from the Huskisson Memorial 
A. (nm) R(%) A(%) 
193 45.83 ± 5% 54.17 ± 5% 
248 21.25 ± 5% 78.75 ± 5% 
308 12.92 ± 5% 87.08 ± 5% 
1064 67.92±5% 32.08 ± 5% 
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Laser Over cleaned Sample from the Huskisson Memorial 
A. (nm) R(%) A(%) 
193 44.17 +5% 55.83 ±5% 
248 29.17 +5% 70.83 +5% 
308 21.67±5% 78.33 +5% 
1064 83.33+5% 16.67 +5% 
Steam Cleaned Sample from the Huskisson Memorial 
A. (nm) R(%) A(%) 
193 40.835 ± 5% 59.165 + 5% 
248 34.17 ± 5% 65.83 +5% 
308 27.5 +5% 72.5 ±5% 
1064 71.67± 5% 28.33 +5% 
The photon energy at I 064 nm is not enough to cause breaking of the chemical bonds 
and therefore, excites vibrations within the molecules (or crystals) thus heating them; 
in order to break the bonds, several photons should be simultaneously absorbed in one 
bond. The temperature of the target increases until it reaches its boiling point and 
thermal ablation occurs with the simultaneous production of a spark or plasma. For Q-
switched pulses, the heat penetration and the vaporisation depths are much smaller 
than for longer pulses and this is the reason why thermally related modification and 
damage are not a characteristic of this regime. The reason for that is that the heat 
deposition rate is too fast to be conducted away and a substantial temperature rise is 
contained within a small defined volume. The amount of vaporised material almost 
entirely depends on its latent heat of vaporisation. When the highly absorbing 
undesired layer is removed and the stone surface is revealed, most of the incident 
radiation is reflected and does not cause any further material removal (very high flux 
densities are required for calcite to reach 900 °C, which is its decomposition 
temperature). 
b) One of the physical properties that may take place when a solid surface is 
irradiated with a laser is the generation of elastic waves (ultrasound, f ~ 20 KHz). The 
absorbed radiation causes heating on the surface and thermal energy propagates as 
thermal waves. The heated region undergoes expansion and thermoelastic stresses 
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generate elastic waves (ultrasound) which propagate deep in the sample. However, for 
typical Q-switched pulses the thermal wave field only extends a few J.!m even in good 
conductors. It should also be noted that ultrasound undergoes changes (refraction and 
transmission, reflection) in boundaries, external or internal(such as the boundary of the 
sulphated crust and the stone). The important temperature rise induced by Q-switched 
pulses generates high compressive stresses due to the expansion of the material. When 
the energy is enough for ablation to occur, the material ejection from the surface 
produces a reactive stress against the sample following the law of momentum 
conservation. However, as this process is localised on the area of the laser spot on the 
object's surface, the surrounding area which is not affected (heated, expanded etc.) 
exerts an equal force to the irradiated spot and enhances material removal. 
c) When the laser pulse impinges on the surface, the latter starts heating until it 
reaches its boiling point and the superficial layers start vaporising. Because of the very 
short heat diffusion depth within the bulk of the object and the small dimensions of the 
spot on the surface, differential expansion of the material induces stresses on the 
irradiated area and enhances ablation. 
d) The plasma generated by Q-switched pulses exerts a high pressure on the surface 
which suppresses vaporisation by raising the material's boiling point well above its 
normal value. It also absorbs light from the incoming laser pulse shielding the target, 
but also becomes extremely hot, reradiating thermal energy. Some of this radiation 
may reach the surface and cause further vaporisation. Thirdly, as it expands, it 
produces an impulse reaction on the surface maintaining its high temperature for some 
time after the incident laser power has started to fall. 
e) The application of a thin layer of water onto the surface prior to irradiation was 
found to enhance material removal and minimise the underlying surface's modifications. 
Water absorptivity at 1064 nm was known to be low, but its value at this wavelength 
was not mentioned in the available bibliography. In order to measure it, the Hitachi 
Double Beam Spectrophotometer U-2000 was used. Some tap water was put in a 
square glass container and the device was normalised to zero with the empty container 
before the water spectra were taken. It was found that 2 cm of water absorbed 25 % of 
the incident radiation. However, the quantity of energy absorbed depended upon the 
length of the beam path through the liquid following Beer's law: I= 10 • e-•·•, where a 
is the absorption coefficient of the medium and d is the length of the medium. The 
absorption coefficent of water was calculated to be 0.14384 cm·1, which is very low. 
Therefore, its heating was thought to be indirect through the strongly absorbing 
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substrate. Superheating and explosive evaporation of the liquid film initiated at the 
liquid-solid interface and the large transient forces generated helped to overcome the 
surface-crust adhesion. The irradiated liquid film, which penetrated to all the cracks 
and undercuts of the object's surface, thus acted as a localised steam cleaner and 
enhanced material removal. The optirnisation of the results obtained with application of 
water before irradiation can also be attributed to partial water solubility of the target 
material, change of the optical characteristics of the surface (and therefore 
modification of its behaviour upon irradiation), such as refractive index, albedo change 
etc., enhancement of the other processes responsible for material removal described 
above etc. The reason why water gave the optimum results (and not some other liquid 
solvent) was attributed to the special characteristics of its molecule: high surface 
tension, high boiling point etc. 
3.7 Summary 
In this chapter, the application of lasers in the conservation and cleaning of solid 
objects was presented. The identification of the most adequate laser for the removal of 
dark sulphation layers from calcareous stones was followed by the construction of a 
flexible beam delivery system which could be used for practical purposes in 
conservation. This system was tried on a variety of objects and the results were 
compared to those obtained with conventional techniques. Photographs of the objects 
taken under an optical microscope and a scanning electron microscope were included. 
A model of the mechanisms responsible for the removal of undesired layers from stone 
was also proposed. 
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CHAPTER4 
CONCLUSIONS AND SUGGESTIONS FOR FURTHER 
WORK 
The work carried out during the past year concerned physical aspects of conservation 
of solid objects. In the course of this study, a familiarisation with the classification of 
materials and of conventional conservation techniques was achieved. The use of lasers 
in conservation was further studied and research was oriented towards the 
development of a practical cleaning tool for the removal of dark sulphation layers from 
calcareous stone. This involved the identification of the optimum wavelength and pulse 
characteristics as well as the construction of a flexible beam delivery system that would 
allow practical application in the field. 
A system comprising of a Nd:YAG laser and a multisegmented tube for the delivery of 
the beam was constructed and tests were carried out on various objects and materials. 
It was found that the removal of sulphation layers from stone was easily achieved by 
this system. The cleaning action was self-limiting; the crust was removed and the 
underlying stone was unaffected by the incident radiation. Great control over the 
cleaning depth was obtained and no post-treatment damage occurred. It also offered 
solutions in situations that could not be overcome with existing methodologies and, 
finally, the process offered excellent repeatability with no adverse effects. 
The encouraging results of the successful implementation of this system led to further 
research being conducted into laser/stone interactions. This included the identification 
of the appropriate wavelength for the cleaning of artefacts, in situ monitoring of the 
cleaning action using various techniques, post-treatment tests investigating the 
condition of the objects after irradiation and looking into possible alterations etc. 
The mechanism of laser/matter interactions should be understood for new applications 
and the use of lasers in other fields of conservation expanded (recording, sterilisation 
during cleaning, micro repairs etc) 
Also, scientific techniques including surface analysis, spectroscopy etc. should become 
more commonly used tools in the restoration of artefacts. 
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APPENDIX 
Microscope 
A microscope is an optical system which provides magnification (greater than x 30) of 
nearby objects. It was invented at the end of the 16th century by a Dutch spectacle maker, 
Zacharias Janssen ofMiddleburg [1]. 
Magnification of an object without severe distortion is very limited if only one lens is used. 
Therefore, for high magnifications, a combination of lenses are used and the total 
magnification is achieved in two or more stages [2]. 
The first lens, the objective, provides an inverted, magnified image of the object and the 
second lens, the projector, gives a final upright image at a further magnification. If higher 
magnification is needed a second projector lens may be added. 
As objects are not usually self-luminous, it is necessary to illuminate them with a 
convenient source. The illumination system essentially comprises the light source and a 
condenser system. This collects the light from the source and directs it on the surface of 
the specimen, improving its contrast and enabling to control the impinging angle. 
Depending on whether the samples are transparent or opaque, a transmission or reflection 
arrangement may be used. Various light sources and additional optical components may be 
fitted to improve the viewing of the samples and the quality of the image. 
Scanning Electron Microscope [2] 
A Scanning Electron Microscope (SEM) provides images of the external morphology of a 
sample by employing a beam of electrons directed at it. The beam, which is generated by 
an electron gun, is scanned across the specimen and the high energy back-scattered 
electrons as well as the low energy secondary emission electrons are detected. Of the 
other radiations, X-rays are also used, but mainly for chemical analysis rather than 
imaging. A typical configuration of the main components of an SEM is shown below: 
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Figure 1: Schematic diagram showing the main components of a scanning electron 
microscope 
The lenses are electromagnetic and provide a magnetic field that deflects the incoming 
electrons. The condenser collects the electrons that diverge from the source and produces 
an intermediate de magnified image of the gun filament. The objective lens further 
demagnifies the image, producing a probe of small diameter -typically 2-10 nm- on the 
specimen surface. The scanning of the beam is accomplished by energising the coils, so 
that the beam always passes through the optical axis of the objective leris. A detector 
counts the number of low energy secondary electrons given off from each point at the 
surface. At the same time, the spot of a cathode ray tube (CRT} is scanned across the 
screen, and the brightness of the spot is modulated by the amplified signal from the 
detector. In principle, any radiation from the specimen and any change in it provide the 
signal that modulates the CRT and thus provide contrast in the image, giving us different 
information about the sample. Both the electron beam and the CRT spot are scanned in a 
rectangular set of lines -such as in a TV set- known as a raster. The raster scanned on the 
specimen is made smaller than the raster in the CRT and the magnification of the image is 
equal to the side length of a CRT divided by the side length of the raster on the specimen. 
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It should also be noted that as the electrons are strongly scattered by gases than light is, all 
the optical paths of an SEM must be under vacuum of about 1 0·7 atm. 
Sample preparation 
Samples of dimensions as big as 150 x 150 x 150 mm can usually be examined in a 
scanning electron microscope. For effective viewing of the specimen in the SEM it is 
usually necessary for its surface to be electrically conducting. This is due to the surplus of 
electrons building up on the sample surface which, if not conducted to earth, will repel and 
deviate from their normal path and a distorted image will be obtained. Thus, non-
conducting specimens are coated with a thin (-10 mn) conducting layer of gold or carbon 
by sputter coating. 
Chemical Analysis in the SEM: EDAX (Energy Dispersive Analysis of X-rays) 
Whenever a solid specimen is bombarded by highly energetic electrons (several kV of 
energy) x-rays characteristic of the atoms present in it are produced and information about 
its composition is obtained. Thus, micro analysis, that is, analysis on a very small part of a 
larger specimen, can be performed for characterising all types of solid material. Both 
qualitative and quantitative analyses can be carried out but the step from the former to the 
latter is not easily made. Measurement of the wavelength of each emitted x-ray enables the 
identification of the present elements, and measurement of the quantity of x-rays of any 
type emitted per second give quantitative information. As there is a large number of 
possible transitions in a large atom when bombarded with highly energetic electrons, it is 
necessary to identity the most intense lines for each element prior to analysing them. The 
K 'doublet' (K.1 and K.2) is the most frequently used being much more intense than the Kb1 
and the Kb2• However, it is not always possible to excite the K series, since as we go to 
heavier elements the required energy for knocking out a K electron increases, and for 
example, elements heavier than tin (z = 50) need electrons of more than 25 keV to excite 
any K lines at all and of 75 keV for efficient x-ray production. So, other characteristic x-
rays more easily excited have to be looked for, and for heavier elements the L and M 
series offer an alternative. 
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Another important factor determining the scale on which microanalysis can be carried out 
is the volume of specimen penetrated by the electrons (interactive volume) and the volume 
of specimen from which the x-rays originate (sampling volume). As the depth that the 
electrons penetrate is about 1 J.un, the smallest volume which is practicable to analyse in 
an SEMis 1 J..lml. 
The fraction of generated x-rays that reach the specimen surface and are emitted depends 
on both their energy and the average atomic weight of the sample. For example, soft x-
rays (such as carbon K.) are absorbed by solids and relatively few escape from the surface 
and therefore EDAX is only effective for detecting elements heavier than sodium (Na). 
Consequently, both the volume being analysed and the fraction of emitted x-rays depend 
on 
a) the energy of the electron beam 
b) the energy of the x-ray under study 
c) the local atomic weight of the sample 
Apart from the above reasons that make accurate analysis extremely difficult, fluorescence 
is another one. It occurs when x-rays passing through a specimen excite atoms which then 
emit characteristic x-rays of a slightly lower energy. Quantitative analysis is therefore very 
hard to obtain and may only be realised for flat (polished) samples, as irregularities on the 
surface shielding both the incoming electron beam and the generated x-rays modifY the 
results and provide misleading information. 
A solid state detector is used to receive and analyse the emitted x-rays and has to be kept 
under high vacuum and at liquid Nitrogen temperatures. The x-rays entering the detector 
create electron-hole pairs by ionisation within the detector and the total charge produced 
by each x-ray photon is integrated and then fed in a preamplifier. The output pulses are 
then further amplified and passed in a multichannel analyser where they are separated in 
terms of amplitude and stored. The resulting spectrum can then be displayed on a monitor 
and printed. 
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Lasers 
The word LASER stands for Light Amplification by Stimulated Emission of Radiation. 
Although the process of stimulated emission was shown to exist by Albert Einstein in 
1917, it was not until 1960 that the first laser was built by T.H.Maiman [3]. 
Basic Theory 
When an electron in an atom undergoes transition between two energy levels it either 
absorbs or emits a photon of frequency v=!J.Eih, where liE is the energy difference 
between the two energy states. Let us now consider two energy levels E1 and E2• If 
initially the electron is in the lower level E1, it may be excited to E2 by absorbing a photon 
of energy equal to E2-E1. Alternatively, if the electron is in E2, it may return to E1 with the 
emission of a photon. There are two ways for the emission to proceed: spontaneous 
emission, where the electron drops to E1 in an entirely random way, and stimulated 
emission , where the electron is 'triggered' to undergo the transition by the presence of a 
photon of energy equal to (E2-E1). The resulting photon has identical frequency, direction 
and polarisation and is in phase with the stimulating photon. This means that stimulated 
emission is, in fact, an amplification process. Both the stimulating and stimulated photons 
can now stimulate other atoms to emit identical photons [ 4]. However, as the transitions 
from E1 to E2 can also be triggered, an excess of stimulated emission requires more atoms 
in E2 than in E1, a condition known as population inversion. Thus, under favourable 
conditions, a chain reaction can be developed that results in high intensity coherent 
radiation. 
The resulting radiation is characterised by four main properties: directionality, 
monochromaticity, brightness and coherence. 
Laser design 
In order to produce a laser, one must collimate the stimulated emission. This is achieved in 
a cavity where the waves will oscillate and be 'used' many times. The waves are generated 
by placing an adequate medium, which may be a solid, liquid or gas, in the cavity. This 
medium will provide the desirable photon frequencies through population inversion and 
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stimulated relaxation of its atoms or molecules. The oscillation is achieved by placing two 
mirrors at the cavity ends. These reflect the photons which are emitted parallel to the 
cavity axis back and forth, while the other ones moving at an angle to the axis escape 
through the side walls. The build-up of photons oscillating within the cavity is self-
sustaining and the system will spontaneously lase. 
Neodymium YAG 
The Nd:YAG is a doped insulator laser. The term is used to describe a laser whose active 
medium consists of an array of atoms, usually in crystalline form with impurity atoms 
doped into the array during growth. The active medium for Nd:YAG is yttrium aluminium 
garnet (Y3Al50 12) doped with the rare earth ion Nd3+. The Nd3+ ions provide the energy 
levels for both the lasing transitions and pumping. The laser is a four level system and it 
emits light at 1064 nm. Pumping (population inversion) is normally achieved by using the 
intense white light from a xenon flashtube. The flashtube is fired by discharging a 
capacitor bank. The pumping flash lasts for about 1 ms and the laser output starts about 
0.5 ms after the start of the flash. During that time delay population inversion builds up. 
Once started, stimulated emission builds up rapidly and depopulates the lasing level much 
faster than the atoms are excited and so, laser action momentarily stops until conditions 
for lasing are achieved again. The process is then repeated resulting in an output that 
consists of a large number of spikes of about 1 j.IS duration and 1 !lS separation. 
A large amount of heat is dissipated by the flashtube and as a consequence, the laser rod 
heats up very quickly. As this may cause damage, and in order to allow a reasonable 
repetition rate, a cooling system is incorporated to the laser. Low power lasers are air-
cooled, while higher power require water cooling. If the cooling is sufficient, the laser may 
operate continuously if the xenon flash lamp is substituted with quartz-halogen lamps. 
Theoretically, the maximum possible efficiency of the laser is 80 %. In practice though, 
because of the system losses (conversion of electrical to optical energy in the flash lamps, 
poor coupling to the pumping output to the laser rod etc.), the actual power efficiency 
falls to about 0.1 %. Thus, a laser whose input energy is about 10 kJ produces an output 
pulse of only 10 J. Given that the duration of the pulse is about 0.5 ms, the average power 
is approximately 2x 104 W. This though, may be greatly increased by a technique known as 
Q-switching. 
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Q-switching is a method for obtaining short, intense bursts of oscillations from lasers. [ 1] 
The decay of energy in a cavity is expressed in terms of the quality factor Q of the 
resonator. If an optical cavity is somehow disrupted, as by the removal of one of the 
mirrors, the lasing action stops. When this is done deliberately to delay the onset of the 
oscillation in the laser cavity, it is known as Q-switching. If a high loss is induced in the 
laser cavity, the gain due to population inversion reaches a high value without laser 
oscillations occurring. In the meantime, energy is pumped into the excited state of the 
medium. When a large population inversion is achieved and the cavity loss suddenly 
reduced, laser oscillations suddenly start. 
In the ordinary (fixed-Q) mode, the output of a Nd:YAG laser consists of many random 
spikes of 1 JlS duration separated by about 1 !!S. The length of a train of spikes mainly 
depends on the duration of the flashlamp, which is typically 1 ms. Peak powers within the 
spikes are of the order of kilowatts. _When the laser is Q-switched, the result is a single 
spike of power in the range of megawatts with a duration of 10-100 ns. 
Although there is a vast increase in the power of a Q-switched laser, the total emitted 
energy is less than in a fixed-Q mode due to losses associated with the Q-switching 
mechanism. 
There are many Q-switching arrangements which include, for example, rotating prisms and 
mirrors, mechanical chopper and electrooptic shutters such as Kerr or Pockels cells etc. 
Polarisers [I] 
A polariser is an optical component whose input is natural light and whose output is some 
form of polarised light. Polarisers may be based on different physical mechanisms, but 
there is always some form of asymmetry associated with the process, as the polariser must 
somehow select a certain polarisation state and discard all the others. Usually, this 
asymmetry is an obvious anisotropy in the material of the polariser. 
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Laser Surface Damage of Transparent Materials 
When a transparent sample is irradiated with a laser beam, damage occurs first at the rear 
surface. Reflection of the beam occurs at both surfaces. At the front one, the reflection is 
at a more dense medium and the phase of the reflected wave suffers a phase shift of 180° 
with respect to the incident, thus interfering destructively with it. However, at the back 
surface reflection is at a less dense medium and the reflected light doesn't change phase, 
thus interfering constructively with the incident wave to result in an enhanced intensity 
where intensity at the rear surface 
incident intensity at the front surface 
refractive index of the material 
For an optical component of refractive index n"' 1.5, IR"' 1.411 [5]. 
Lincoln Cathedral (St. Mary's), Lincolnshire 
The Cathedral was built in 1072 when Remigius (Remy de Fecamp) removed his see from 
Dorchester-on-Thames to Lincoln and a new Cathedral worthy of the new commanding 
position was thus required. It is a huge complex building, mainly Early and High Gothic, 
although some of the fayade is Romanesque. It is also full of experiments in construction 
of every kind, in vaulting and in ornament. Work on the building went on until the middle 
of the twelfth century, where the Late Romanesque portions of the fayade belong. Parts of 
the building were destroyed and redeveloped in the years that followed. The origin of the 
treated objects was not identified, neither was their style or age. Most of them were made 
of Ancaster limestone, although the head that was first cleaned was thought to be Weldon 
limestone. 
Ancaster limestone is an oolitic stone with iron content that gives it warm tones and is 
quarried at Lincolnshire. The presence of iron as an impurity frequently occurs in oolitic 
limestones and it is usually homogeneously disseminated after the limestone has started to 
form by chemical displacement of the calcium making iron carbonates which are well 
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dispersed throughout the stone. Ancaster can be classified in the category of precipitated 
limestones and it is characterised by a structure resembling the roe of a fish, hence its 
name. Oolitic stones originate from different environments, although certain conditions 
appear to be common. Oolites are usually made up of an aggregate of spherical bodies 
( ooliths) whose diameter is 1 mm or less, cemented by some interstitial material, usually 
calcite. When examined under the microscope, the grains are built of concentric layers 
usually around a nucleus. In Great Britain the oolitic structure is prominent in limestones 
formed in the Middle and Upper Jurassic, such as the Ancaster stone we are interested in 
[6] .. 
EROS by Sir Alfred Gilbert (1854-1934) [7] 
Eros is a 6 ft statue of Cupid with massive wings and a slight body. The wings are too 
thick compared with the main hollow part and the end tips are fastened separately. 
Sir Alfred Gilbert was born in London and trained as a sculptor in the early 1870 at the 
Royal Academy under the supervision ofBoehm, with whom he worked until1890 when 
the latter died. In 1892 Gilbert joined the Royal Academy and in 1910 he became 
professor of sculpture. He was knighted in 1932. 
A year after the Seventh Earl of Shaftesbury, the philanthropist Anthony Ashley-Cooper 
died (1885), Gilbert was offered the commission for the Shaftesbury memorial. The artist 
decided not to do a usual realistic statue, but to create an ideal work for the 
commemoration of the deceased. The confirmation of the Piccadilly site in 1890, most 
likely influenced Gilbert's ideas on the concept of the memorial. Indeed, the octagonal base 
of the statue was chosen to match with the Piccadilly Circus site. The Eros figure was 
conceived independently from the base and without reference to Ashley-Cooper's life. 
In the five years that he was designing the memorial, Gilbert was taught the Japanese 
methods of bronze polychromy with which by the substitution of a bold element such as 
gold or silver for tin or zinc in the alloy, the patination process could produce either a 
silvery or a reddish colouring. Originally, Gilbert pianned to use Government supplied 
gun-metal but he was eventually denied it and had to use pure copper for the statue, which 
although expensive, allowed him to experiment in polychromy. With this method, three 
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distinct layers were produced: a reddish colour at the base, a green patina in the cistern 
and silver of the aluminium Eros on top. This was the first use of Aluminium for a public 
statue. The casting of the metal at the time presented no problems and was in fact easier 
than bronze casting because of the low melting point of the metal. The reason, however, 
that aluminium was used, was not its weight but its colour. Gilbert especially liked its 
contrast with the darker reddish bronze base. 
The original Eros was cast in 1891-1892 by the lost wax method and was erected in June 
1893: The London Eros has been removed from his place on six occasions (safety, 
restorations, worksite etc.) During restorations, the statue had been sandblasted to remove 
corrosion inflicted by pollution and climatological conditions. The last restoration was in 
1984 and the repatination of the object was accomplished using black indian ink, while the 
finish with lanolin which gave the required shadow and tone. 
The only second cast of Eros, known as the Liverpool Eros and situated in Sefton Park, 
was made in 1929 in Thames Ditton. Gilbert did no work on the statue and even the alloys 
of the two statues were different. The plaster patterns were used to make 10 different 
pieces by the lost wax method and the sections were pinned together with Roman joints. It 
was unveiled by the Lord Mayor of Liverpool on July 23, 1932 after being presented to 
the city of Liverpool by George Audley. The site chosen for the installation of Eros had 
pleased Gilbert, who attended the unveiling. Like others, he though that the original 
fountain fitted much better to a park setting than a city site. 
The Liverpool Eros had been taken down for repairs once, in 1953, when it was sent to 
London because of the corroding aluminium. The extent of repairs is not fully known. 
However, damage and restoration of the original Eros are useful to know because 
damages to the Liverpool Eros might be of a similar nature, though to a lesser extent in 
Sefton Park than in London. According to Tim Bidwell, analyses on the London Eros 
showed that the metal used consisted of more than 98 % aluminium and although traces of 
copper, tin, lead and zinc were present, they were thought to be contaminations from the 
pots where the aluminium was melted. The good surface condition of the London Eros 
was attributed to the purity of the metal used; when pure aluminium is exposed to the 
atmosphere, it quickly develops an inert and protective film of aluminium oxide, which is 
highly corrosion resistant. When the amount of ·contained impurities increases, the 
corrosion resistance is reduced and this is the case of the Sefton Park copy. 
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From the London Eros it can be seen that the surface which is freely exposed to the 
weather has formed a dull, grey continuous patina with no evidence of corrosion beneath 
it. Areas protected from rainwashing (e.g. the folds of the drapery, the undersides of the 
wings etc.) have developed a bulkier corrosion product due to acid gases such as S02 and 
accumulation of carbonaceous material. Superficial examinations of the Liverpool Eros 
showed that the corrosion seemed to be similar and in the same places; dull grey patination 
on the freely exposed areas and bulky products in the folds of drapery. Damage due to 
vandalism also seemed to be very similar, although vandalism damage in Liverpool may 
have been more acute due to the more isolated site. In addition, the lower purity of 
aluminium allowed more extended corrosion and weakness of the structure. Lastly, less 
refurbishment and cleaning have been done to the Liverpool statue. 
In the Liverpool statue the drapery was quite dark grey in colour and very heavy 
compared to the body. The outer surface was covered in a dark brown/grey deposit which 
was probably dirt accumulated with the years. The inner surface was lighter grey but 
covered in a thick white corrosion layer. Deep pitting was observed where there were no 
corrosion products. The metal appeared to be in a generally good condition. Corrosion 
and pitting were quite noticeable, although the statue felt quite solid. The lighter coloured 
side was exposed to the weather, whereas the darker one was sheltered. The corrosion 
layer of the inner surface had a wide variety of colours ranging from greens to browns. A 
sample taken from the wing was a fine example of the different weathering of the surface 
according to its orientation. Colour difference was due to difference in the metal corrosion 
because of the different position of the two parts. Other parts of the statue were more 
severely corroded. In general, more severe corrosion was seen in the wings and rear leg 
and a brown staining could also be attributed to the rusting of the iron armature. Analyses 
shoed that the Eros alloy was an aluminium- copper - zinc alloy (93.2 % AI, 3.6 % Cu 
and 3% Zn). This was the matrix of the metal. The major second phase appeared to be an 
aluminium - copper phase (A13Cu2). Other second phases were also present in the alloy. 
Sulphur, phosphorus and calcium were present in the corrosion products. Aluminium 
sulphide (A12S3) was also identified. The metal was found to be quite hard considering its 
age and weathering. The base bronze alloy consisted of91.8% Cu, 3.8% Sn, 2.9% Zn 
and I % Pb. Traces of iron, nickel and silicon were also found. 
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Aluminium Alloys Corrosion [7] 
Corrosion, as defined by Diamant is the conversion of a metal to a metallic compound, 
thus losing its essential metallic qualities of strength, elasticity, ductility etc. as the formed 
substances are extremely poor with regard to these properties. Crystallisation processes in 
the corrosion product layer also significantly change its properties and the soluble 
components get easily washed away by the rain. 
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